INTRODUCTION
"There is something fascinating about science. One gets such a wholesale return of conjecture out of such a trifl ing investment of fact." Mark Twain (1884, Life on the Mississippi) In the late 1960s the plate tectonics revolution introduced a robust paradigm within which to understand the Cenozoic and Mesozoic tectonics of the lithosphere-the strong outer layer of Earth above the softer asthenosphere (Isacks et al., 1968) . Since that time there has been much debate about when Earth might have adopted a plate tectonics mode of behavior. A consensus may be emerging that Earth had partially or completely adopted a plate tectonics mode of behavior by sometime in the Mesoarchean to Neoarchean eras (Brown, 2006; Cawood et al., 2006; Dewey, 2007) . However, there are those who argue for (some form of) plate tectonics as early as the Hadean (Harrison et al., 2006; Davies, 2006 Davies, , 2007 Shirey et al., this volume) -consistent with the null hypothesis that plate tectonics was the mode of convection throughout recorded Earth history-and those who argue against worldwide modern-style subduction before the Neoproterozoic (Stern, 2005 , this volume)-requiring an alternative hypothesis to plate tectonics for the Hadean to Mesoproterozoic interval. There is also a view that the plate tectonics era began ca. 2.0 Ga (Hamilton, 2003) . Another challenge is to assess whether once a plate tectonics mode of behavior was established it was maintained to the present day or whether geodynamics on Earth alternated between plate tectonics and some other mode, particularly in the Mesoarchean to Mesoproterozoic interval (Sleep, 2000; Silver and Behn, 2008; Stern, this volume) .
Historical Perspective
The concept of plates was introduced by Wilson (1965) as follows: "Many geologists have maintained that movements of the Earth's crust are concentrated in mobile belts, which may take the form of mountains, mid-ocean ridges or major faults with large horizontal movements.… This article suggests that these features are not isolated … but that they are connected into a continuous network of mobile belts about the Earth which divide the surface into several large rigid plates.…" This elegant concept is well illustrated by the map in Figure 1 , which shows a model strain rate fi eld for Earth determined from geodetic velocities worldwide (Kreemer et al., 2003) .
Currently we identify a mosaic of 15 or 16 lithosphere plates on Earth-seven major and eight or nine minor (by my count, Wilson [1965] identifi ed seven major and fi ve [poorly defi ned] minor plates in his Fig. 1 ). The plates are separated by three fundamentally different types of boundary, two of which record opposite displacements-spreading and upwelling at ocean ridges and net convergence and subduction at ocean trencheswhereas the third-transforms, which were introduced as a new type of fault (Wilson, 1965 )-connects these fi rst two, making a coherent kinematic system (Fig. 1) . A number of implications of the Wilson hypothesis were developed in a series of papers during 1967 (McKenzie and Parker, 1967 Morgan, 1968; LePichon, 1968; Isacks et al., 1968) , after which the paradigm explaining how the lithosphere behaves on modern Earth became known as plate tectonics.
Plate tectonics is a kinematic description of how the plates interact, based on the notion that motions of torsionally rigid plates may be understood as rotations on a sphere. These motions are identifi ed from data sets such as age maps of the ocean fl oors, the worldwide location of major earthquakes and fi rst-motion studies of these earthquakes, and geodetic velocities. The geodetic measurements are current, the earthquake data are historical, and the oldest ocean fl oor is Jurassic, so these data sets do not help us understand how far back in time Earth has operated in a plate tectonics mode. Instead, we must turn our attention to the imprints that plate tectonics processes leave in the rock record.
It had become clear by the early 1970s that the concept of torsionally rigid plates separated by narrow zones of high strain could not be applied to the continents. Plate boundary zones at continental margins (e.g., western Americas) and within continents (e.g., central Asia) are broader than in the ocean basins ( Fig. 1) , and deformation in these broad zones tends to be partitioned into bands of higher and lower strain (e.g., central Asia). Additionally, plate mosaics evolve continuously, and convergent plate boundary zones are dynamic entities. As explained by Dewey (1975) , dynamic interactions along convergent plate boundary zones lead to global and local episodicity of events, generating complex sequences of orogenic evolution globally and complicated geological histories locally. According to Dewey (1975) , inversion of the geological histories retrieved from ancient orogenic beltsin which composite terranes accreted by subduction have been smeared into linear suture zones during (commonly oblique) terminal collision-to make rigorous plate tectonics analyses may not be possible.
Phanerozoic Earth
Currently, there are two main zones of subduction into the mantle-the circum-Pacifi c subduction system and the Alpine-Himalayan-Indonesian subduction system-and two major zones of upwelling or superswells (McNutt, 1998 (McNutt, , 1999 Davaille, 1999; Zhao, 2001 )-under Africa and under the South Pacifi c-which defi ne a simple pattern of long-wavelength mantle convection. The Phanerozoic has been distinguished by rearrangement of the continental lithosphere during the fi nal steps in supercontinent assembly-formation of Eurasia and its linking to Gondwana forming Pangea-followed by the early stage of supercontinent breakup and dispersal. The formation of Eurasia, its linking to Gondwana, and the fragmentation and dispersal of Pangea involved successive subduction-to-collision orogenic systems within a single (Pangean) convection cellthe Appalachian/Caledonian-Variscide-Altaid and the Cimmerian-Himalayan-Alpine orogenic systems-whereas a complementary (Panthalassan) convection cell, centered on the Pacifi c superswell, is composed of ocean lithosphere and defi ned at its outer edge by the circum-Pacifi c accretionary orogenic systems (Collins, 2003) . The Panthalassan convection cell became established toward the end of the Neoproterozoic, reached a maximum around the Devonian-Carboniferous boundary, and has been in decline since as the Pangean cell began expanding in the Jurassic. Amaesia is a possible future supercontinent that could be formed by merger of Asia and the Americas along a Siberian suture if the Atlantic Ocean continues to expand and the Eurasian continent continues to rotate clockwise, and by closure of the South Pacifi c Ocean if Australia continues to be driven northeastward (Bleeker, 2003) . Figure 1 . Contours of the second invariant of a model strain rate fi eld determined using 3000 geodetic velocities worldwide, and Quaternary slip rates in Asia. All areas in white are assumed to behave rigidly. The contour scale is quasi-exponential. (Reproduced from Kreemer et al., 2003, with permission.) 
Modes of Convective Style
For our purpose in this chapter, we may consider plate tectonics as a mode of convection by which the mantle is recycled by creation and destruction of ocean lithosphere; this is the mechanism that currently controls major heat loss from Earth's interior and drives the supercontinent cycle. On modern Earth, deep mantle plumes play a secondary role in heat removal, primarily removing heat from the core through the mantle to the surface, but plumes may have had a greater role in transferring heat from Earth's interior to space earlier in Earth history. From a modeling perspective (e.g., Lenardic et al., 2004; Loddoch et al., 2006) , plate tectonics is referred to as a "mobile-lid regime." As identifi ed above, an important question concerns when a plate tectonics mode began on Earth. A hotter Earth may have produced thicker or thinner ocean crust than modern Earth, although in either case the thermal boundary layer most likely was thinner (Davies, 2006 (Davies, , 2007 van Hunen and van den Berg, 2007) . As a result, the early lithosphere may have been more buoyant but weaker than modern ocean lithosphere; consequently early plate tectonics may or may not have been viable (Davies, 2007; van Hunen et al., 2004; van Hunen and van den Berg, 2007) and an unstable mode of subduction rather than a stable mode might have dominated (Toussaint et al., 2004; Burov and Watts, 2006) .
Early Earth may have been characterized by a different style of mantle convection in which a rigid and largely immobile layer developed at the surface of the mantle (Lenardic et al., 2004) . In this tectonic mode, heat loss by vigorous convection beneath the lid may have been confi gured as plume-like Loddoch et al., 2006) . From a modeling perspective, this type of convection is referred to as a "stagnant-lid regime." In a stagnant lid-regime, horizontal motions and convergence may occur due to nonrigidity, and this may generate symmetric subduction (in contrast to the asymmetric subduction of the plate tectonics paradigm) of the lower (mantle) part of ocean lithosphere as postulated by Davies (1992, subcrustal subduction; see also Burov and Watts, 2006) . However, a stagnant-lid regime is not an effi cient cooling mechanism, which is likely why a variety of alternative tectonic regimes have been suggested for early Earth (van Hunen et al., this volume) .
A third behavior is an "episodic regime" in which the mode of convection may alternate between a stagnant-lid and a mobile-lid regime, or there may be a transition from one to the other as the dominant mode via an episodic regime (e.g., Hansen et al., 2006; Loddoch et al., 2006) . A scenario of changing from a stagnant-lid to a mobile-lid mode via an episodic regime is one possible evolutionary path for Earth. Indeed, Davies (1995) has suggested a punctuated tectonic evolution for Earth in which the Archean might be characterized by periods of plate tectonics alternating with mantle overturn events; Davies hypothesized that the early rock record might register mainly the effects of the overturn events.
The Hallmark of Plate Tectonics
From a geological perspective, we may break down into several components the question of when plate tectonics began on Earth. For example, we may ask when did the lithosphere fi rst behave as a mosaic of plates-that is, a mosaic of largely torsionally rigid lithosphere elements bounded by zones of generation, destruction, or transform displacement-and how far back in Earth history may we identify independent horizontal motions from different cratons (e.g., Evans and Pisarevsky, this volume)? Also, we may ask when in the rock record do we fi rst identify zones of convergence and subduction of ocean lithosphere (e.g., Pease et al., this volume) . However, care is required-what imprint in the rock record do we take to answer each of these questions (Cawood et al., 2006; Condie and Kröner, this volume) ?
The fi rst record of blueschist facies series metamorphism occurs in the Neoproterozoic, and this is commonly taken as one indicator of the beginning of the modern style of subduction (Stern, 2005) . However, due to secular cooling, Brown (2006 Brown ( , 2007a asked whether plate tectonics on a warmer Earth might have left a different imprint in the ancient rock record. To answer this question, it is necessary to establish the distinctive geological characteristics of plate tectonics that might be preserved or imprinted in the ancient rock record. Brown (2006 Brown ( , 2007a argued that the defi nitive hallmark of plate tectonics is a duality of thermal environments at convergent plate margins (the subduction zone, and the arc and subduction zone backarc or orogenic hinterland), and that the imprint of this hallmark will be found in the rock record as the contemporary occurrence of spatially distinct contrasting types of metamorphism. In effect, the rock record of metamorphism will tell us when plate tectonics had become established on Earth.
Early plate-like behavior may have allowed crust to fl oat to form thick stacks above zones of boundary-layer downwelling (Davies, 1992) , or, for a slightly cooler Earth, thick stacks above zones of "sublithospheric" subduction (van Hunen et al., this volume) , but these behaviors are unlikely to have created dual thermal environments at the site of tectonic stacking, although thickening (with or without delamination of eclogite sinkers) might have induced melting deep in the pile to generate tonalitetrondhjemite-granodiorite (TTG) magmas (Foley, this volume) . Therefore, in principle, the metamorphic imprint imposed by either of these behaviors during the early part of Earth history should be distinguishable from that imposed by a plate tectonics mode of convection.
Metamorphic rocks record evidence of the change in the pressure (P) and temperature (T) of the crust with time (t), which is commonly expressed as a P-T-t path, recording burial and exhumation in the particular thermal environment in which the mineral assemblages crystallized and/or equilibrated (e.g., Brown, 1993 Brown, , 2001 . In effect, the P-T-t path records the changing spectrum of transient metamorphic geotherms characteristic of a particular thermal environment. Different thermal environments are characterized by different ranges of dT/dP and register different metamorphic imprints in the geologic record.
Orogenic Systems
The circum-Pacifi c and Alpine-Himalayan-Cimmerian orogenic systems defi ne two orthogonal great-circle distributions of the continents, which may refl ect a simple pattern of mantle convection. Along each great-circle distribution the convergent plate margins are characterized by a different type of orogenic system, and this has been the situation during at least the Cenozoic and Mesozoic eras (Zwart, 1967; Maruyama, 1997; Ernst, 2001; Liou et al., 2004) . These two types are (1) accretionary orogenic systems (variants have been called "Pacifi c-type" [e.g., Matsuda and Uyeda, 1971] or "Cordilleran-type" [e.g., Coney et al., 1980] ), which form during ongoing plate convergence, as exemplifi ed by the Phanerozoic evolution of the Pacifi c Ocean rim, and (2) collisional orogenic systems (sometimes called "Himalayan-type" [Liou et al., 2004] or "Turkic-type" [Şengör and Natal'in, 1996] ), in which an ocean is closed and arcs and/or allochthonous terranes and/or continents collide, as exemplifi ed by the Tethysides.
Accretionary orogenic systems may be grouped into several different types. "Extensional-contractional accretionary orogenic systems" (e.g., the Tasmanides) and "contractional-erosional orogenic systems" (e.g., the South American Cordillera) are distinguished according to the velocity fi eld and whether the overriding plate is retreating or advancing (Doglioni et al., 2006; Husson et al., 2007) , and "terrane accretion orogenic systems" (e.g., the North American Cordillera) are characterized by suturing of suspect terranes, some of which may be far-traveled (cf. Coney et al., 1980; Johnston, 2001; English and Johnston, 2005; Johnston and Borel, 2007; Colpron et al., 2007) . Although Şengör and Natal'in (1996) argued that the precollision history of one, or both, of the colliding margins might involve the growth of very large accretionary orogenic systems, with signifi cant juvenile arc magmatism, a distinction remains useful because some accretionary orogenic systems exist for hundreds of millions of years without disruption by collision, whereas others have the continuity of subduction interruptedbut not necessarily terminated if a new trench is formed outboard of the collider-by subduction of ocean fl oor debris or an oceanic plateau or by nonterminal collision and suturing of allochthonous terranes or arcs (e.g., Cloos, 1993; Collins, 2002; Koizumi and Ishiwatari, 2006; Windley et al., 2007) .
The major mountain belts of the circum-Pacifi c orogenic systems are located in subduction zone backarcs, which are characterized by high heat fl ow, >70 mW m -2 for continental crust with average radiogenic heat production, and uniformly thin and weak lithosphere over considerable widths (Hyndman et al., 2005a; Currie and Hyndman, 2006) . Subduction zone backarcs are hot perhaps due to shallow convection in the mantle wedge asthenosphere, where convection is inferred to result from a reduction in viscosity induced by water from the underlying subducting plate. According to Hyndman et al. (2005a; see also Currie and Hyndman, 2006) , Moho temperatures in subduction zone backarcs are 800-900 °C and lithosphere thicknesses are 50-60 km, compared to 400-500 °C and 200-300 km for cratons; the difference results in backarc lithosphere being at least an order of magnitude weaker than cratons.
Parameters such as the contemporaneous surface heat fl ow cannot be measured directly in ancient orogens, and once again we must look to the metamorphic record for information. Also, thermal expansion due to the high lithosphere temperatures is argued to account for ~2500 m of mountain belt elevation in subduction zone backarcs without signifi cant crustal thickening (Hyndman et al., 2005b )-which may be recorded in an ancient orogen as variation in the pressure fi eld. Most of these circum-Pacifi c mountain belts are broad zones of long-lived tectonic activity because they are suffi ciently weak to be deformed by the forces developed at plate boundaries, and complex histories of deformation in these orogenic systems most likely relate to changing dynamics along convergent plate boundaries (cf. Dewey, 1975) . In terrane accretion orogenic systems, former backarcs remain a locus of deformation during terrane suturing because they continue to be weaker than the hinterland.
Shortening and crustal thickening in large hot subduction-tocollision orogenic systems, such as the Himalayan orogenic system, and in large hot contractional-erosional orogenic systems, such as the South American Cordillera, appear to be accommodated mostly in the weak lower crust (Beaumont et al., 2004 Sobolev and Babeyko, 2005) . The upper crust may be uplifted as a plateau, which may be underthrust by the adjacent stable craton, and the upper crust may remain largely undeformed internally with deformation localized into high-strain belts (e.g., Kreemer et al., 2003) .
The Metamorphic Realm
The metamorphic realm traditionally has been divided into facies, each represented by a group of mineral assemblages associated in space and time that are inferred to register equilibration within a limited range of P-T conditions. Some rocks characteristic of the granulite facies record temperatures >1000 °C at pressures around 1 GPa (ultrahigh-temperature metamorphism; e.g., Harley, 1998; Brown, 2007a) , whereas some eclogite facies rocks record pressures >5 GPa at temperatures of 600-1000 °C, and in one case mineralogical evidence suggests pressures of at least 10 GPa (ultrahigh-pressure metamorphism; e.g., Chopin, 2003; Liu et al., 2007; Brown, 2007a) . We recognize a transition between these two facies, referred to as medium-temperature eclogite-high-pressure granulite metamorphism (E-HPGM; e.g., O'Brien and Rötzler, 2003; Brown, 2007a) . The P-T regimes for metamorphic facies are shown in Figure 2 . On modern Earth, the different types of metamorphic facies series leading to granulite facies ultrahigh-temperature metamorphism (G-UHTM), medium-temperature eclogite-high-pressure granulite metamorphism (E-HPGM), and high-pressure metamorphism-ultrahigh-pressure metamorphism (HPM-UHPM) are generated in different tectonic settings with contrasting thermal regimes at convergent plate boundary zones (Brown, 2006 (Brown, , 2007a summarized later) .
Recently, Stüwe (2007) has introduced an alternative division of P-T space based on whether thermal conditions implied by peak metamorphic mineral assemblages in orogenic crust were warmer or cooler than a normal (conductive) continental geotherm (Fig. 3) . On this diagram we may distinguish P-T fi elds that are reached as a function of different tectonic processes. For thermal conditions warmer than a normal continental geotherm, a thermal gradient of ~1000 °C/GPa is a practical limit for a conductive response; metamorphic belts that record apparent thermal conditions hotter than this limit (I introduce the term "ultrahigh temperature" for this P-T fi eld) require a component of intracrustal advection driven by heating, perhaps in an arc or due to thinning of the subcrustal lithospheric mantle (e.g., Sandiford and Powell, 1991) , consistent with the subduction zone backarc model discussed above (Hyndman et al., 2005a (Hyndman et al., , 2005b Currie and Hyndman, 2006) . For thermal conditions cooler than a normal continental geotherm, Stüwe (2007) suggests a twofold division into a "cooler than normal" (note, Stüwe used "colder") and an "ultralow temperature" P-T fi eld. The "cooler than normal" P-T fi eld is a thermal regime that may be reached by whole lithospheric thickening for an acceptable range of thermal parameters, and these P-T conditions do not necessarily refl ect thermal regimes attendant with subduction or that require unusually rapid exhumation (cf. Sandiford and Dymoke, 1991) . In contrast, the "ultralow temperature" P-T fi eld may only be reached by processes other than normal crustal thickening; subduction is one possible process by which rocks may enter this thermal regime (Stüwe, 2007) .
Metamorphism at Extreme P-T Conditions-Defi nitions
For our purpose in this chapter, I follow the defi nitions from Brown (2007a Pattison et al. (2003) or the average P-T mode in THERMOCALC with the internally consistent thermodynamic data set of Holland and Powell (1998, most recent update) .
Eclogite facies ultrahigh-pressure metamorphism (UHPM) is metamorphism of crustal rocks under conditions of pressure that exceed the stability fi eld of quartz, recognized either by the presence of coesite or diamond, or by equivalent P-T conditions determined using robust thermobarometry. Examples of robust thermobarometry currently in use, as recently evaluated by Hacker (2006) , include the method of Ravna and Terry (2004) Figure 2 . P-T diagram to show the location of the principal metamorphic facies in P-T space and the P-T ranges of different types of extreme metamorphism. HPM-UHPM includes the following: BS-blueschist; AEE-amphibole-epidote eclogite facies; ALE-amphibole-lawsonite eclogite facies; LE-lawsonite eclogite facies; AE-amphibole eclogite facies; UHPM-ultrahigh-pressure metamorphism. Other abbreviations: GS-greenschist facies; A-amphibolite facies; E-HPG-medium-temperature eclogite-high-pressure granulite metamorphism; G-granulite facies; UHTM-the ultrahigh-temperature metamorphic part of the granulite facies. Figure 3 . An alternative division of P-T space based on whether thermal conditions implied by peak metamorphic mineral assemblages in orogenic crust were warmer or cooler than a normal (conductive) continental geotherm (cf. Stüwe, 2007) . On this diagram we may distinguish P-T fi elds that are reached as a function of different tectonic processes. See discussion in text. and the average P-T mode in THERMOCALC with the internally consistent thermodynamic data set of Holland and Powell (1998, most recent update) .
In between the P-T regimes for these two types of extreme metamorphism, there is a transition in pressure from common granulite facies conditions to high-pressure granulite facies conditions that is not well defi ned, but which may be taken to correspond approximately to conditions of the change from sillimanite to kyanite stability in metapelitic rocks (Fig. 2) . The fi eld of highpressure granulite facies metamorphism overlaps the transition from amphibolite/granulite to eclogite in basaltic rocks, which is a transition over more than 1 GPa according to chemical composition of the protolith (O'Brien and Rötzler, 2003) . For these reasons I refer to this P-T fi eld as medium-temperature eclogitehigh-pressure granulite metamorphism (E-HPGM).
Some Cautionary Notes
We piece together the changes in pressure (from which we infer changes in depth) and temperature (from which we infer heating and cooling) with time (from which we obtain rates) from the mineralogical, chemical, and microstructural evidence preserved in the rock. However, unless the effects of overprinting of multiple thermal events (polymetamorphism) where present or suspected are distinguished (e.g., , any evaluation of the imprint of metamorphism in the rock record will be potentially fl awed. As a community during the past decade we have an increased confi dence in our ability as forensic scientists correctly to interpret the evidence recovered from eroded orogens (e.g., O'Brien, 1997 O'Brien, , 1999 Brown, 2001 Brown, , 2002a White et al., 2002; O'Brien and Rötzler, 2003; Johnson and Brown, 2004; Baldwin et al., 2005; Powell et al., 2005) ; this credence was lacking in the early days of studies of metamorphism under extreme P-T conditions (e.g., Green, 2005) .
Our surety is in part due to improvements in our ability to interrogate rocks and to recognize the effects of overprinting and "see through" them due to better technical capabilities for rapid chemical mapping of mineral grains and high-spatial-resolution in situ geochronology. The wider availability of high-precision ages on accessory phases linked to specifi c microstructural sites and metamorphic P-T conditions-commonly through the identifi cation of mineral assemblages preserved as microinclusions in the core, mantle, or rim of zircon grains-has increased our confi dence that we know the true "age" of peak metamorphism in many metamorphic belts, even though we also know that zircon may grow continuously along the part of the P-T evolution around the metamorphic peak in UHPM rocks (e.g., McLelland et al., 2006; Mattinson et al., 2006; Leech et al., 2007; Rubatto and Hermann, 2007) and along the prograde and/or retrograde segments of the P-T evolution in UHTM rocks, but generally not at the metamorphic peak (e.g., Harley et al., 2007; Baldwin and Brown, 2008) . Measured timescales for both thermal and burialexhumation events have become shorter as precision in dating has increased, and we now fi nd acceptable rates for tectonic processes that would have been considered too fast only a few years ago (e.g., Hermann, 2003; Camacho et al., 2005) . As a result of this progress we may now assess with some confi dence the imprint of metamorphism through Earth history.
The P-T-t path and P-t and T-t data provide information about the dynamic evolution of the metamorphic (transient) geotherms, which relates to tectonic processes such as rates of burial and heating, and the map distribution of peak P-T conditions and P-t and T-t data provides information about the spatial variation in thermal regime and rates of burial and heating. When this information is combined with structural data to constrain the kinematics, the data set may allow the particular tectonic setting in which the metamorphism occurred to be identifi ed.
The P-T-t paths recovered by this forensic science on rocks are generally described as clockwise or counterclockwise (in P-T space), although the P-T loops may vary from hairpin to open. Clockwise paths may include a segment with signifi cant isentropic decompression at high T, counterclockwise paths may exhibit approximately isobaric cooling at moderate P, and portions of either type may be stepped. Although these features alone may not be diagnostic of the tectonic setting, there is a relationship between the retrograde metamorphic evolution and changes in the cooling rate that is characteristic of the underlying tectonic process (e.g., Ehlers et al., 1994) . Also, for regionalscale metamorphism-such as that found in large accretionary orogenic systems or subduction-to-collision orogenic systemsthe relationship between metamorphic grade and the timing of peak metamorphism, and the magnitude of the departure from a stable geotherm, are different for metamorphism driven by conductive heating versus metamorphism that requires a component of advected heat and for metamorphism terminated by erosion versus that terminated by extension (e.g., Stüwe et al., 1993a Stüwe et al., , 1993b Stüwe, 1998a Stüwe, , 1998b .
Orogenic events in accretionary orogenic systems are driven by variations in the coupling across the convergent plate boundary, which may be due to changes in plate kinematics (Dewey, 1975) or caused by features on the subducting plate (Cloos, 1993; Collins, 2002) . Accretionary orogenic systems are progressively terminated by subduction-to-collision orogenesis. Therefore, as a generalization, we may expect that the age of metamorphism in the subduction zone environment is older than, or may date, the transition from subduction to collision at any particular localityalthough it may be diachronous along the orogenic systemwhereas the age of metamorphism in the arc and subduction zone backarc or orogenic hinterland is likely to be close to or younger than the age of the transition from subduction to collision.
As high-precision geochronology becomes more widely available from a larger number of orogenic belts of all ages, it should be possible to evaluate whether the high-pressure metamorphism for a particular orogenic belt is older than the associated high-temperature metamorphism. In the case of the European Variscides, this sequence-high-pressure metamorphism older than high-temperature metamorphism-is, indeed, the case (O'Brien and Rötzler, 2003) . However, a word of caution is necessary since orogen-parallel translation may juxtapose metamorphic belts formed at slightly different times along a common major plate boundary system, as was the case for the Mesozoic metamorphic belts in southwest Japan, where the outboard HP-LT Sanbagawa metamorphism records younger ages of peak metamorphism than the inboard HT-LP Ryoke metamorphism (Brown, 1998a (Brown, , 1998b (Brown, , 2002b .
The relationship between plate tectonics and metamorphism was addressed in the early days by Miyashiro (1972) and Brothers and Blake (1973) . In this chapter, I review sites of contemporary metamorphism (<200 Ma) and consider metamorphism in relation to different orogenic systems during the earlier part of the Phanerozoic rock record (>200 Ma) before extending the analysis back throughout Earth's history using a published data set compiled in 2005 (Brown, 2007a) and updated as necessary in the discussion below. I discuss the implications of these data in relation to dual thermal environments as the hallmark of plate tectonics and identify when the imprint of this distinctive feature fi rst appears in the rock record (cf. Brown, 2006) . Finally, I evaluate the age distribution of extreme metamorphism in the Neoarchean to Cenozoic rock record and consider how this relates to the supercontinent cycle (cf. Brown, 2007b) .
METAMORPHISM ON EARTH DURING THE PAST 600 MILLION YEARS

Contemporary Metamorphism (<200 Ma)
Metamorphism during the Cenozoic and Mesozoic eras has taken place at (1) divergent plate boundaries, where newly generated ocean crust is metamorphosed following hydrothermal circulation of seawater, (2) convergent plate boundaries, where subduction takes crustal rocks deep into the mantle before partial exhumation and accretion, and arcs and subduction zone backarcs may be shortened and thickened during subductionto-collision orogenesis, and (3) plate boundaries that involve mainly lateral displacement, although these also may involve transpression or transtension.
Rocks of the blueschist to eclogite facies series (higherpressure-lower-temperature [HP-LT] metamorphism) are created in the subduction zone. We know this from samples of glaucophane schist entrained in serpentine mud volcanoes in the Mariana forearc (e.g., Salisbury et al., 2002) . Incipient blueschists in the Mariana forearc with the assemblage lawsonite-pumpellyitehematite yield an estimated T of 150-250 °C at P of 0.5-0.6 GPa (Maekawa et al., 1993) and dT/dP of 300-400 °C/GPa (approximately equivalent to 9-11 °C/km). These results are consistent with thermal models for warm subduction zones (e.g., Hacker et al., 2003) and thermal gradients derived from Eocene low-grade blueschist facies series rocks (e.g., Potel et al., 2006) .
Ultrahigh-pressure metamorphic (UHPM) rocks-where the minimum P must exceed ~2.7 GPa at moderate T for coesite to occur-register deep subduction and exhumation of continental lithosphere during the early stage of collision. We know this from samples of coesite-bearing eclogites of Eocene age at Tso Morari in the frontal Himalayas (Sachan et al., 2004; Leech et al., 2005 Leech et al., , 2007 , and from Pliocene age coesite-bearing eclogites in eastern Papua New Guinea (Baldwin et al., 2004; Monteleone et al., 2007) that have been exposed exceptionally rapidly by rifting. Furthermore, Searle et al. (2001) have argued that deep earthquakes of the Hindu Kush seismic zone represent a tracer of contemporary coesite and diamond formation in eclogite facies ultrahigh-pressure metamorphism occurring at the present day.
Lawsonite blueschists and lawsonite eclogites (HPM-UHPM) record cold subduction. We know this from thermodynamic modeling of Eocene lawsonite blueschists and lawsonite eclogites exhumed to Earth's surface in the Pam Peninsula, New Caledonia (Clarke et al., 1997 (Clarke et al., , 2006 , and from studies of xenoliths of lawsonite eclogite of Eocene age, brought up to the surface in Tertiary kimberlite pipes at Garnet Ridge in the Colorado Plateau, United States, which are inferred to record conditions in excess of 3.5 GPa (Usui et al., 2003 (Usui et al., , 2006 .
Rocks of the granulite facies series (higher-temperaturelower-pressure [HT-LP] metamorphism) are scavenged from the deeper parts of Mesozoic oceanic plateaus (e.g., Gregoire et al., 1994; Shafer et al., 2005) and occur in exposed middle to lower crust of young continental arcs (e.g., Lucassen and Franz, 1996) . Although the interpretation is contentious, metapelitic xenoliths retrieved from Neogene volcanoes in central Mexico (Hayob et al., 1989 (Hayob et al., , 1990 and at El Joyazo in southeast Spain (Cesare and Gomez-Pugnaire, 2001 ) have been argued to record evidence of Cenozoic G-UHTM, and evidence of melt-related processes in lower crustal garnet granulite xenoliths from Kilbourne Hole, Rio Grande Rift, suggests contemporary G-UHTM in the lower crust of rifts (Scherer et al., 1997) .
The mechanism that provides the enhanced thermal fl ux necessary to drive granulite facies series metamorphism remains elusive in most circumstances. Radiogenic heating is important and sometimes is suffi cient (Andreoli et al., 2006; McLaren et al., 2006) . However, commonly the apparent thermal gradients retrieved from granulite terranes exceed the conductive limit, and signifi cant advection of heat within the crust is required (e.g., Sandiford and Powell, 1991; Stüwe, 2007) . Underplating by basaltic magma commonly is implicated to provide heat (e.g., Dewey et al., 2006) , but the temporal relations between extension, crustal melting, and basalt emplacement are rarely simple (e.g., Barboza et al., 1999; Peressini et al., 2007) . Heating by multiple intraplating of sills may be effective at melting the lower crust in continental arcs (e.g., Jackson et al., 2003; Dufek and Bergantz, 2005; Annen et al., 2006) . Hyndman et al. (2005a Hyndman et al. ( , 2005b ; see also Currie and Hyndman, 2006) have argued that mountain belts and orogenic plateaus occur in former subduction zone backarcs, which are characterized by high surface heat fl ow and thin weak lithosphere (cf. Sandiford and Powell, 1991) . Currie and Hyndman (2006) report observations that indicate uniformly high temperatures in the shallow mantle and a thin lithosphere (1200 °C at ~60 km depth) over subduction zone backarc widths of 250 to >900 km. Similar high temperatures are inferred for extensional backarcs of the western Pacifi c and southern Europe, but the thermal structures are complicated by extension and spreading. Following termination of subduction by collision, the high temperatures decay over a timescale of ~300 m.y. (Curie and Hyndman, 2006) . During terrane accretion and/or subduction-to-collision orogenesis, subduction zone backarcs represent a particularly suitable tectonic setting for the generation of granulite metamorphism.
It is likely that granulites are being generated today under orogenic plateaus, such as Tibet and the Altiplano, based on an inference of the presence of melt, derived from mica breakdown melting, in the interpretation of multiple geophysical data sets (e.g., Nelson et al., 1996; Schilling and Partzsch, 2001; Unsworth et al., 2005) . Also, there is evidence from crustal xenoliths of high-pressure-high-temperature metamorphism under Tibet (Hacker et al., , 2005b Ding et al., 2007; Chan et al., 2007) . Modeling of metamorphic P-T-t paths in large convergent orogens produces peak P followed by peak T (clockwise) P-T-t paths with maximum P-T conditions that may reach those typical of E-HPGM (Jamieson et al., 2002 , although temperatures in the lower crust beneath the plateau in recent models approach 1000 °C . Modeling by McKenzie and Priestly (2008) suggests that temperatures in the middle crust of thickened lithosphere similar to that of Tibet may exceed 1000 °C, suffi cient to generate widespread granulites and ultrahigh-temperature metamorphic rocks at moderate pressures. However, a cautionary note is necessary, since melting is an endothermic process that buffers heating (e.g., Stüwe, 1995) .
Heating by viscous dissipation may be important in some subduction-to-collision orogenic systems, particularly in the early stages of subduction. Although viscous dissipation is a mechanism potentially to generate heat (e.g., Kincaid and Silver, 1996; Stüwe, 1998a; Leloup et al., 1999; Burg and Gerya, 2005) , it requires initially strong lithosphere (e.g., a differential stress of 100-300 MPa); England and Houseman (1988) suggest that a differential stress of 100-200 MPa is necessary to generate a plateau, consistent with this requirement. The strong positive correlation between overall intensity of viscous heating in crustal rocks and the instantaneous convergence rate suggests that a signifi cant contribution (>0.1 μW m -3 ) of viscous heating into the crustal heat balance may be expected when the convergence rate exceeds 1 cm yr -1 , particularly if the lower crust is strong (Burg and Gerya, 2005) . Therefore, heating by viscous dissipation may become a dominant heat source in the early stage of subductionto-collision orogenesis if convergence rates are rapid (e.g., the Himalayas), and viscous dissipation may be generally signifi cant in the thermal energy budget of orogens (e.g., Stüwe, 2007) .
We may conclude that contemporary metamorphism on Earth occurs in two very different thermal environments. The fi rst environment is characterized by low dT/dP, mirrored by higher-pressure-lower-temperature metamorphism, corresponding to the subduction zone environment; this may be modifi ed by and/or terminated by terrane accretion and/or continental subduction and terminal collisional suturing. The second environment is characterized by high dT/dP, registered by higher-temperaturelower-pressure metamorphism, corresponding to the arc and a subduction zone backarc, which will be inverted during collision; a thick hot orogen may become modifi ed by erosion and/or subsequent collapse and/or extension.
Metamorphism in the Earlier Phanerozoic Record (>200 Ma)
The ocean lithosphere is older than 200 Ma. A plethora of papers since the 1968 plate tectonics revolution suggest that we may reasonably extrapolate back through one or two ocean lithosphere cycles. Thus, we may expect similar tectonics since the last stages of Gondwana amalgamation at the dawn of the Phanerozoic eon. Prior to this time the extrapolation becomes more contentious, particularly for rocks older than Neoproterozoic (Stern, 2005) .
Metamorphism in extensional-contractional accretionary orogenic systems associated with west-directed subduction (Doglioni et al., 2006; Husson et al., 2007) , such as the Tasmanides of eastern Australia or the Acadian of northeastern North America, is dominated by HT-LP metamorphism, with near-isobaric clockwise hairpin-like heating/cooling P-T-t paths or counterclockwise P-T-t paths in which deformation and metamorphism proceed contemporaneously. G-UHTM, E-HPGM, and UHPM rocks are absent at outcrop, although blueschists may occur sporadically early in the orogenic cycle. Short-lived phases of orogenesis probably relate to interruptions in the continuity of subduction by topographic features on the ocean plate, particularly oceanic plateaus (Cloos, 1993; Collins, 2002; Koizumi and Ishiwatari, 2006) .
Metamorphism in contractional-erosional orogenic systems associated with east-directed subduction (Doglioni et al., 2006; Husson et al., 2007) , such as the late Paleozoic accretionary prism of the Coastal Cordillera in Chile (Willner, 2005) and the Cretaceous Diego de Almagro Metamorphic Complex in Chilean Patagonia (Willner et al., 2004) , is characterized by low-temperature (low-dT/dP) metamorphism, including blueschists, registering a thermal environment with an apparent thermal gradient around 350 °C/GPa. Such conditions may be more typical of the west-facing advancing (Cordilleran) convergent plate margin in comparison with an east-facing retreating (extensional-contractional) convergent plate margin.
In terrane accretion orogenic systems, allochthonous elements were accreted to continental margins in convergent systems that commonly involved oblique relative plate motion vectors. Paired metamorphic belts sensu Miyashiro (1961) are characteristic due to orogen-parallel terrane migration and juxtaposition by accretion of contemporary belts of contrasting type (Brown, 1998a (Brown, , 1998b (Brown, , 2002b , with a HP-LT metamorphic belt outboard and a HT-LP metamorphic belt inboard, exemplifi ed by the Mesozoic metamorphic belts of Japan (Miyashiro, 1961) and the Paleozoic-Mesozoic metamorphic belts of the western United States (Patrick and Day, 1995) . In some systems an important additional feature was ridge subduction, which is refl ected in the pattern of both HT-LP metamorphism and the associated magmatism (Brown, 1998b) . Granulites may occur at the highest grade of metamorphism in the HT-LP belt, but UHPM rocks generally appear to be absent in the outboard HP-LT belt.
In subduction-to-collision orogenic systems, subduction and initial collision may generate HPM-UHPM of continental crust as it is being subducted and until the subduction zone is choked. Deformation of the hinterland may generate clockwise (or less commonly counterclockwise) metamorphic P-T-t paths in granulite facies series rocks according to the mechanisms and relative rates of thickening and thinning versus heat transfer by conduction and advection. In many subduction-to-collision orogenic systems, radiogenic heat production and heat transfer by conduction rather than advection are dominant, and penetrative deformation largely precedes the peak of metamorphism because rates of continental deformation typically are about an order of magnitude faster than rates of thermal equilibration over the length scale of the crust (Stüwe, 2007) . The European Variscides represent a classic example of a subduction-to-collision orogenic system, in which early HPM-UHPM is followed by E-HPGM (e.g., O'Brien and Rötzler, 2003) and, possibly, G-UHTM, although this point is contentious (Rötzler and Romer, 2001; Štípská and Powell, 2005) . At a larger scale, the variation in metamorphic style of subduction-to-collision orogenic systems is well illustrated by the variation along the Appalachian/Caledonian-VariscideAltaid and the Cimmerian-Himalayan-Alpine chains.
Each of these older Phanerozoic orogenic systems preserves metamorphic belts with contrasting metamorphic facies series that may be inferred to record contrasting thermal regimes. These examples are consistent with the premise that plate tectonics may be extrapolated back through at least two ocean lithosphere cycles (to ca. 600 Ma); they also highlight the variations in imprint in the rock record generated by the complex interactions and diversity of processes along plate boundary zones.
Paired Metamorphic Belts Revisited
Orogens may be composed of belts with contrasting types of metamorphism that record different apparent thermal gradients. Classic paired metamorphic belts-those composed of an inboard higher-temperature-lower-pressure (HT-LP) metamorphic belt, commonly with associated penecontemporaneous granites, juxtaposed along a tectonic contact against an outboard higher-pressure-lower-temperature (HP-LT) metamorphic belt-are found in accretionary orogens of the circumPacifi c (Miyashiro, 1961) .
In accretionary orogens, HP-LT blueschists and low-temperature eclogites are generated in the subduction zone. A majority of known localities of lawsonite eclogite are associated with the HP-LT terranes of the circum-Pacifi c accretionary orogens (Tsujimori et al., 2006) . Complementary HT-LP metamorphism may be generated in an arc and subduction zone backarc or orogenic hinterland. Events that may occur at the trench include ridge subduction, entry into the subduction channel of an ocean fl oor topographic high, and evolution of the plate kinematics, leading to a change from a retreating hinge to an advancing arc. These events may affect the thermal structure of the overriding plate, may lead to a change in the displacement vector across the axis of plate divergence or across an associated transform as a ridge is subducted, and may change the tectonics in the orogen from extension to shortening (e.g., Brown, 1998b Brown, , 2002b Collins, 2002) . HP-LT blueschists and low-temperature eclogites represented educted and accreted materials that have been translated along a convergent margin as a forearc terrane-due to changes in plate kinematicsto juxtapose metamorphic belts of contrasting type during a single orogenic cycle along a common convergent margin (e.g., Brown, 1998a Brown, , 1998b Brown, , 2002b Tagami and Hasebe, 1999) . In Miyashiro's original classifi cation of types of metamorphism (Miyashiro, 1961) , an intermediate-P/T type of metamorphism was included for unpaired belts such as those in the Scottish Highlands and the northern Appalachians, although in both cases the medium-P/T metamorphic belt (Barrovian type) is juxtaposed against an intermediate lower-P/T metamorphic belt (Buchan type), which is also the case in the eastern Himalayas in Nepal (Goscombe and Hand, 2000) . Miyashiro (1973) subsequently suggested that "paired and unpaired (single) metamorphic belts form by the same mechanism, and an unpaired belt represents paired belts in which the contrast between the two belts is obscure, or in which one of the two belts is undeveloped or lost." One issue to consider is whether to extend the concept of "paired metamorphic belts" more widely than accretionary orogens, outside the original usage by Miyashiro (1961) , to subduction-to-collision orogenic systems, as perhaps was implied by Miyashiro in his 1973 publication.
The modern plate tectonics regime is characterized by a duality of thermal environments in which two principal types of regional-scale metamorphic belts are being formed contemporaneously. Brown (2006) considers this duality to be the hallmark of plate tectonics, and the characteristic imprint of plate tectonics in the ancient rock record to be the broadly contemporaneous occurrence of two contrasting types of metamorphism refl ecting the duality of thermal environments. On this basis, I propose the following: Penecontemporaneous belts of contrasting type of metamorphism that record different apparent thermal gradients, one warmer and the other colder, commonly juxtaposed by plate tectonics processes, may be called "paired metamorphic belts."
Thus, the combination of penecontemporaneous G-UHTM with E-HPGM in adjacent terranes may be described as a paired metamorphic belt. This extends the original concept of Miyashiro (1961) beyond the simple pairing of HT-LP and HP-LT metamorphic belts in circum-Pacifi c accretionary orogenic systems, and makes it more useful in the context of our better understanding of the relationship between thermal regimes and tectonic setting. This is particularly useful in subduction-to-collision orogenic systems, where an accretionary phase is overprinted by a collision phase that will be registered in the rock record by the imprint of penecontemporaneous higher-pressure-lower-temperature metamorphism at the suture and higher-temperature-lower-pressure metamorphism in the arc and subduction zone backarc or orogenic hinterland (Brown, 2006) .
METAMORPHISM FROM THE MESOARCHEAN TO THE CENOZOIC
Metamorphic belts that exhibit extreme metamorphism are classifi ed into three types according to the characteristic metamorphic facies series registered by the belt (Fig. 4) , as follows:
(1) HPM-UHPM, characterized by lawsonite blueschist to lawsonite eclogite facies series rocks and blueschist to eclogite to ultrahigh-pressure facies series rocks, where T plotted in Figure 4 is that registered at maximum P; (2) E-HPGM, characterized by facies series that reach peak P-T in the high-pressure granulite facies (O'Brien and Rötzler, 2003) , where maximum P and T generally are achieved approximately contemporaneously (Fig. 4) ; and (3) G-UHTM, characterized by granulite facies series rocks that may reach ultrahigh-temperature metamorphic conditions, where P plotted in Figure 4 is that registered at maximum T.
The P-T value for each terrane shown in Figure 5 records a point on a metamorphic (transient) geotherm, and different apparent thermal gradients are implied by each type of metamorphism. These apparent thermal gradients are inferred to refl ect different tectonic settings. HPM-UHPM is characterized by apparent thermal gradients of 150-350 °C/GPa (approximately equivalent to 4-10 °C/km), and plots across the boundary between the "cooler than normal" and "ultralow temperature" fi elds. About half of these terranes require a process other than simple thickening to achieve such cold gradients. We know from the global context that all of these terranes were associated with subduction, so it is likely that subduction was the process that created the ultralowtemperature environment. E-HPGM is characterized by apparent thermal gradients of 350-750 °C/GPa (10-20 °C/km), and plots across the normal continental geotherm but mostly in the fi eld where heating is a conductive response to thickening. G-UHTM is characterized by apparent thermal gradients >>750 °C/GPa (>>20 °C/km), and mostly plots across the boundary into the fi eld that requires an advective component of heating. Figure 6 illustrates P of metamorphism, which is taken as a proxy for depth of burial to the metamorphic peak, plotted against age of peak metamorphism. There is a marked change in P of metamorphism and implied depth of burial beginning in the late Neoproterozoic, which records the fi rst appearance in the orogenic record of HPM-UHPM rocks. The period from the Neoarchean to the Neoproterozoic is characterized by P of metamorphism from 0.5 GPa to 2.5 GPa, which yields an implied maximum depth of burial up to 90 km. This does not necessarily require subduction. Figure 7 illustrates apparent thermal gradient, which is inferred to relate to tectonic setting, plotted against age of peak metamorphism. Each type of metamorphism has a distinct range of apparent thermal gradient, as expected from Figure 5 , and HPM-UHPM is restricted to the late Neoproterozoic and Phanerozoic, as expected from Figure 6 . However, what is now clear is the dual . Metamorphic patterns based on representative "peak" metamorphic P-T conditions of metamorphic belts in relation to the metamorphic facies in Figure 2 . Common granulite belts and granulite facies ultrahigh-temperature metamorphism-G-UHTM belts (P at maximum T; light circles are common granulite belts and dark circles are G-UHTM belts; data from Tables 1 and 2 of Brown, 2007a) ; medium-temperature eclogite-high-pressure granulite (E-HPGM) belts (peak P-T; diamonds; data from Table 3 of Brown, 2007a) ; lawsonite blueschist-lawsonite eclogite and ultrahigh-pressure metamorphic (HPM-UHPM) belts (T at maximum P; light squares are lawsonite-bearing rocks and dark squares are ultrahigh-pressure rocks; data from Tables 4 and 5 nature of the thermal regimes represented in the metamorphic record since the Neoarchean. The Neoarchean to Neoproterozoic period is characterized by G-UHTM and E-HPGM, whereas the late Neoproterozoic and the Phanerozoic are characterized by HPM-UHPM and E-HPGM together with G-UHTM, although the latter occurs only sporadically post-Cambrian. There are several caveats about possible bias in this record. It is commonly argued that going back through time increases loss of information by erosion of the older record. However, the data in Figures 5 and 6 plot in particular periods, and there is a clear distinction between the pre-Neoproterozoic, where HPM-UHPM does not occur, and Neoproterozoic and younger belts, where HPM-UHPM is common. These observations are inconsistent with a progressively degraded record with increasing age. Extrapolation back in time also raises questions about partial to complete overprinting by younger events, which is a concern in any metamorphic study. However, our ability to recognize the effects of overprinting and to "see through" them has improved signifi cantly, and overprinting has been avoided in compiling the data set used for this analysis (Brown, 2007a) . Finally, as discussed earlier, it is likely that some Phanerozoic G-UHTM rocks have not yet been exposed at Earth's surface, leading to bias in the younger part of the record.
Although patterns based on fi rst occurrences may be challenged by new discoveries, the analysis that follows provides a set of compelling fi rst-order observations from which to argue that the modern era of ultralow-temperature subduction began in the Neoproterozoic, as registered by the occurrence of HPM-UHPM, but that ultralow-temperature subduction alone is not the hallmark of plate tectonics. In contrast, G-UHTM and E-HPGM are present in the exposed rock record back to the Neoarchean, registering a duality of thermal regimes, which has been argued to represent the hallmark of plate tectonics (Brown, 2006) . Based on this observation, plate tectonics processes likely were operating in the Neoarchean as recorded by the imprints of dual types of metamorphism in the rock record, and this may manifest the beginning of a global plate tectonics mode on Earth.
The distribution of these types of metamorphism throughout Earth history, based on the age of metamorphism as defi ned above, is displayed in Figure 8 together with periods of super- continent amalgamation. Changes in the metamorphic record broadly coincide with the transitions from the Archean to Proterozoic and Proterozoic to Phanerozoic eons, and imply a different style of tectonics in the Archean eon in comparison with the Proterozoic eon and in the Proterozoic eon in comparison with the Phanerozoic eon. Overall, the restricted time span of different types of metamorphism through Earth history and the periods of metamorphic quiescence during the Proterozoic eon suggest a link with the supercontinent cycle and major events in the mantle. This issue is discussed in more detail later in this chapter.
Granulite Facies Ultrahigh-Temperature Metamorphism (G-UHTM)
G-UHTM indicates regional-scale deep crustal metamorphism at temperatures generally >750 °C, and in extreme cases >1100 °C, well above the solidus. At these temperatures it is challenging to determine accurately intensive variables such as the peak temperature, and it is also challenging to determine accurately the age of the metamorphic peak and the rate of prograde and retrograde evolution around peak temperatures. Zircon is the preferred chronometer for G-UHTM, especially in garnet-bearing granulites where some of the controversy concerning the timing of zircon growth, recrystallization, and reequilibration with respect to peak temperatures may be reduced via an assessment of REE patterns (Harley et al., 2007) . In spite of these issues, compilation of the best available data does reveal a global pattern of G-UHTM that I interpret to have geodynamic signifi cance.
G-UHTM is dominantly a Neoarchean to Cambrian phenomenon documented during four distinct periods in Earth history (Figs. 6 and 7), with Neoproterozoic-Cambrian G-UHTM being as common in the geological record as Neoarchean examples. The four periods are (1) at ca. 1.4-1.0 Ga), and (4) the Ediacaran to Lower Cambrian (e.g., the Brasiliano and Pan-African belts of the southern continents at ca. 630-510 Ma). The four main periods of G-UHTM show a remarkable coincidence with the fi rst formation of supercratons (Vaalbara, Superior, and Sclavia) and the supercontinent cycle (Nuna [Columbia] , Rodinia, and Gondwana).
An accurate age for the oldest high-grade metamorphism in these terranes commonly has been diffi cult to retrieve, and the age of the oldest G-UHTM for many of these examples is disputed. Although the area of the Lewisian Complex in Scotland is small on a world scale, it represents one of the most intensively studied pieces of Archean crust reworked in the Paleoproterozoic, yet the age of the G-UHTM (Badcallian event) is unresolved. It may be as old as ca. 2.7 Ga (Crowley et al., 2006; Corfu, 2007) or as young as ca. 2.5 Ga . In the Limpopo belt of southern Africa, a Neoarchean age for G-UHTM in the Southern Marginal Zone is well established (Kreissig et al., 2000 (Kreissig et al., , 2001 . However, controversy is associated with the age of G-UHTM in the Central Zone, where there is clearly a younger G-UHTM event at ca. 2.03 Ga (Buick et al., 2003 (Buick et al., , 2006 , but where there is accumulating evidence for an event at ca. 2.56 Ga (Kröner et al., 1999; Boshoff et al., 2006) .
There is controversy about the age of G-UHTM in the Napier Complex, Antarctica, which is perhaps the hottest regionally developed metamorphic terrane on Earth. An early Paleoproterozoic age commonly has been suggested, but more recent work using well-characterized zircons suggests a late Neoarchean age to be more likely as the true age for the G-UHTM event (Kelly and Harley, 2005) . U-Pb zircon ages of ca. 2.49 Ga from garnet-bearing orthogneiss provide an absolute minimum age for the foliation associated with the G-UHTM event, whereas in paragneiss, internal zircon zoning relationships and estimated zircon-garnet rare earth element partitioning data suggest an absolute minimum age of ca. 2.51 Ga for this event. Furthermore, Harley (2006) suggests that the real age for the G-UHTM event is more likely to be older than 2.56 Ga, based on higher Ti concentration in zircons in localized leucosomes formed on the crystallization of late-stage dry melts, and argues that the many published U-Pb zircon ages of 2.51-2.45 Ga refl ect late, postpeak zircon growth associated with near-isobaric cooling and fl uid-melt-rock interactions.
There is only one confi rmed example of G-UHTM >>2.5 Ga in age, which is the Voronezh Crystalline Massif of Sarmatia (ca. 3.2 Ga; Fonarev et al., 2006) . G-UHTM is rare in the exposed post-Cambrian rock record but may be inferred for the lower crust of large Cenozoic orogenic systems as discussed above. In the Phanerozoic eon, parts of the European Variscides evolve from E-HPGM to G-UHTM, but there is only one confi rmed example of G-UHTM younger than Paleozoic exposed at Earth's surface, which is the Gruf Unit in the central Alps (ca. 33 Ma; Liati and Gebauer, 2003) .
Medium-Temperature Eclogite-High-Pressure Granulite Metamorphism (E-HPGM)
There are about 50 documented terranes of this type, with approximately equal numbers of Proterozoic and Phanerozoic age, although the Phanerozoic examples are dominated by various segments of the European Variscides. About one-third of recognized high-pressure granulite belts have evolved from mediumtemperature eclogite facies assemblages, and about one-quarter of the remainder evolve into granulite facies ultrahigh-temperature metamorphic conditions, both apparently without distinction between Proterozoic and Phanerozoic examples. Compositional zoning of minerals, and reaction coronas, symplectites, and kelyphites commonly develop as multivariant reactions are crossed during a clockwise P-T evolution.
Brown
Periods of E-HPGM coincide with the Nuna, Rodinia, and Gondwana supercontinent cycles; E-HPGM also is common in the lower Paleozoic Caledonides and Variscides, and rare examples occur in the exposed post-Carboniferous rock record. There are sporadic occurrences of E-HPGM during the Neoarchean-toPaleoproterozoic transition, although the age of several of these is poorly constrained or in dispute. This group of occurrences is critical to establishing the early record of E-HPGM, and so it is worth discussing them in more detail.
The oldest occurrence is represented by eclogite blocks within mélange in the Gridino Zone of the Eastern Domain of the Belomorian province (Slabunov et al., 2006) . The eclogite facies metamorphism appears to have been reliably dated at 2.72 Ga , and the P-T data of 1.40-1.75 GPa and 740-865 °C are well characterized (Volodichev et al., 2004; Slabunov et al., 2006) . Nonetheless, this occurrence is one of the earliest records of E-HPGM within a suture zone (see also the discussion about the Inyoni shear zone below, under "Early Archean Metamorphism")-a critical piece of evidence in evaluating the start of plate tectonics from the continental record of metamorphism and early occurrences of low apparent thermal gradients-and it will be worthwhile to replicate these results, although the fact that these Neoarchean ages come from blocks in a mélange cannot be avoided.
The age of granulite facies metamorphism in the North China Craton is a matter of dispute (Zhao and Kröner, 2007; Polat et al., 2007) , although the balance of evidence favors an age of ca. 1.85 Ga for the regionally developed E-HPGM in the Trans-North China orogen that cuts north-south through the center of the craton Zhang et al., 2006) . The age of 2.49 Ga quoted in Brown (2007a) is for the Jianping Complex, in western Liaoning province, which is part of the Eastern Block of the North China Craton (Kröner et al., 1998) . The age was derived from four metamorphic zircon grains from BIF sample Ji 7 that were analyzed by SHRIMP (2487 ± 2 Ma) and an additional two metamorphic zircon grains that were evaporated (2487.2 ± 1.1 Ma), and is interpreted to date an older high-pressure granulite metamorphism (1.1 GPa, 800 °C; Wei et al., 2001) , which is widely regarded to be ca. 2.5 Ga in both the Western and Eastern Blocks of the North China Craton (e.g., Zhao et al., 2006a) . There is no disagreement about the existence of an event at 1.85 Ga, or that this event produces E-HPGM mineral assemblages, but it is unclear whether there is suffi cient evidence to support an earlier regionally developed high-pressure granulite event at ca. 2.5 Ga.
Metamorphism of the Sare Sang series in the South Badakhshan Block of the western Hindu Kush in Afghanistan has not been directly dated and is assumed to be the same age as imprecisely dated rocks from the Pamirs (Faryad, 1999; Shanin et al., 1979) , which is clearly unsatisfactory. However, in the absence of modern U-Pb analysis, these old ages may bear no relationship to the high-grade metamorphism in the Pamirs-let alone the Hindu Kush to the west-but might record disequilibrium. In the 40 Ar/ 39 Ar geochronology of Hubbard et al. (1999) , there is no evidence for a Precambrian event in the Pamirs, which also call into doubt the inferred Precambrian age for the Sare Sang rocks. A modern U-Pb study of metamorphic zircon or monazite from the Sare Sang rocks is necessary to resolve the age of E-HPGM.
Finally, there are two episodes of Neoarchean to Paleoproterozoic granulite facies metamorphism in the Sharizhalgai salient of the southern Siberian Craton, one at ca. 2.6 Ga and another at 1.88-1.86 Ga (Poller et al., 2005) . Following the interpretation of Ota et al. (2004) , metamorphism in the garnetwebsterites from the tectonically intercalated peridotites of the Saramta Massif is inferred to record the older event, and the peridotites are inferred to represent part of a subarc mantle associated with Neoarchean subduction. However, the garnet-websterite has not been directly dated, which does leave in question the true age of the E-HPGM.
Overall, eclogites from the Gridino Zone of the Eastern Domain of the Belomorian province appears to provide the most robust evidence for subduction associated with Neoarchean supercraton formation by craton amalgamation. The next-younger welldated example is the eclogite from the Usagaran orogen, Tanzania, at ca. 2.00 Ga (Möller et al., 1995; Collins et al., 2004) .
Blueschist and High-Pressure to Ultrahigh-Pressure Metamorphism (HPM-UHPM)
Blueschist belts and HPM-UHPM appear for the fi rst time in the Neoproterozoic era. The oldest blueschists are found in Asia, where blueschists older than 900 Ma occur in the Jiangnan belt of southern China (Shu and Charvet, 1996) , and blueschists of the Aksu Group in western China are overlain by sediments of Ediacaran age (Maruyama et al., 1996) . Blueschist-bearing mélange of Ediacaran age occurs in the Bou Azzer inlier of the Anti-Atlas belt in central Morocco (Hefferan et al., 2002) , which may be part of a continuous plate boundary zone with the Trans-Saharan belt to the southeast where well-characterized UHPM in Mali is dated at ca. 620 Ma by Jahn et al. (2001) .
HPM-UHPM has been recognized during multiple periods in Earth history: the Ediacaran (e.g., Mali, western Africa); the Cambrian (e.g., Kokchetav Massif, northern Kazakhstan; southwest Altyn Tagh, western China); the Ordovician-Silurian (e.g., Tromsø Nappe, Norway; Dulan belt, North Qaidam, western China); the Devonian (e.g., western Gneiss Region, Norway, northeastern Greenland; Maksyutov Complex, southern Urals; Saxonian Erzgebirge, Germany; Bohemian Massif, central Europe; the French Massif Central); the Permo-Triassic (e.g., Dabie-Sulu belt, east-central China; western Tianshan (?), western China); the Lower Cretaceous (e.g., , SW Sulawesi, central Indonesia); through the Cenozoic era (e.g., Dora Maira Massif, Italy; Zermatt-Saas Zone, western Alps; Tso Morari Complex, India; Kaghan Valley, Pakistan); and fi nally, the Miocene-Pliocene, Earth's youngest UHPM rocks (Fergusson Island, eastern Papua New Guinea). All known examples of UHPM are located within the Pangean convection cell of Collins (2003) , and none are to be found associated with long-lived subduction around the edges of the Panthalassan convection cell. In contrast, a majority of occurrences of lawsonite eclogite occur in association with Pacifi c subduction, the principal exceptions being Spitsbergen, Corsica, Turkey, and Sulawesi (Tsujimori et al., 2006) .
Many UHPM terranes record peak temperatures that are warmer than those calculated for steady-state subduction of old ocean lithosphere, which is consistent with the common absence of a coeval volcano-plutonic arc. These two features suggest that UHPM may not be a product of long-lived, steady-state subduction (Liou et al., 2000) . P-T-t paths from UHPM terranes vary from hairpins, in which the exhumation path is close to the burial path in terms of dT/dP and is in the range 150-350 °C/GPa (4-10 °C/km), implying synsubduction exhumation, to clockwise paths with isentropic decompression segments down to Barrovian-type thermal regimes of 350-750 °C/GPa (10-20 °C/ km), consistent with thermal relaxation after initial fast exhumation to Moho depths.
Early Archean Metamorphism
The Eoarchean through Mesoarchean rock record generally records P-T conditions characteristic of low-to moderate-P, moderate-to high-T metamorphic facies. In greenstone belts, metamorphic grade varies from prehnite-pumpellyite facies through greenschist facies to amphibolite facies and, rarely, into the granulite facies; ocean fl oor metamorphism of the protoliths is common. In high-grade terranes, ordinary granulite facies metamorphism and multiple episodes of anatexis are the norm.
In southern West Greenland, in the Isua supracrustal belt the metamorphism is polyphase-Eoarchean and Neoarchean-and an age of ca. 3.7 Ga has been argued for the early metamorphism (summarized in Rollinson, 2002) . P-T conditions of 0.5-0.7 GPa and 500-550 °C (Hayashi et al., 2000) or up to 600 °C (Rollinson, 2002) have been retrieved from the Isua supracrustal belt. These data yield warm apparent thermal gradients of 800-1000 °C/ GPa (~23-28 °C/km), which is just within the range for a purely conductive response to thickening (Fig. 3) , but may refl ect thinner lithosphere with higher heat fl ow than later in Earth history. Also in southern West Greenland, in mafi c rocks on the eastern side of Innersuartuut Island in the Itsaq Gneiss Complex of the Faeringehavn terrane, where the gneisses record several events in the interval 3.67 Ga to 3.50 Ga (Friend and Nutman, 2005b) , early orthopyroxene + plagioclase assemblages record poorly defi ned but rather ordinary granulite facies conditions, whereas overprinting garnet + clinopyroxene + quartz assemblages, thought by Griffi n et al. (1980) to be Eoarchean, probably record the widespread Neoarchean high-pressure granulite facies metamorphism associated with fi nal terrane assembly in the interval 2.715-2.650 Ga (Nutman and Friend, 2007) . This is generally consistent with a Mesoarchean to Neoarchean evolution involving a postulated island arc complex in the eastern Akia terrane of southern West Greenland that was built on a volcanic substrate in the interval 3.07-3.00 Ga and subsequently was thickened and metamorphosed in the interval 3.00-2.97 Ga (Garde, 2007) , with the concept of progressive terrane assembly during the interval 2.95-2.65 Ga as espoused by Friend and Nutman (2005a) , and with the view that plate tectonics processes were operating on Earth by the Mesoarchean to Neoarchean (Brown, 2006) .
It has been suggested that some Archean TTG suites and eclogite xenoliths scavenged by kimberlites from deeper levels in Archean cratons are respectively melt and complementary residue from a basaltic source, such as the low-MgO eclogites from the Koidu kimberlite within the TTG crust of the Man Shield in western Africa (Rollinson, 1997) . Imprecise Paleoarchean formation ages for the eclogites and TTG crust overlap in time, which is permissive for crustal growth by partial melting of the protolith of the eclogite xenoliths (Barth et al., 2002) . Values of δ 18 O for the eclogites outside the mantle range suggest that the protolith may represent ocean fl oor, which in turn permits Archean crustal growth in the Man Shield to have occurred in a convergent margin setting involving subduction of ocean lithosphere. HighMgO eclogites in the Man Shield and elsewhere are inferred to correspond to metamorphosed cumulates from hydrous basalt magmas emplaced beneath thick continental arcs, also supporting a role for arc magmatism in the formation of cratonic roots in the Mesoarchean to Neoarchean (Horodyskyj et al., 2007) .
In South Africa, recent work on the ca. 3.23 Ga metamorphism of the Barberton and related greenstone belts has yielded the following P-T data: in the Onverwacht Group greenstone remnants, P-T conditions of 0.8-1.1 GPa and 650-700 °C (Dziggel et al., 2002) ; in the southern Barberton greenstone belt, P-T conditions of 0.9-1.2 GPa and 650-700 °C (Diener et al., 2005 (Diener et al., , 2006 ; in amphibolite-dominated blocks of supracrustal rocks in tectonic mélange from the Inyoni shear zone, P-T conditions of 1.2-1.5 GPa and 600-650 °C (Moyen et al., 2006) . Apparent thermal gradients for these belts are in the range 450-700 °C/ GPa (~13-20 °C/km) and are within the limit for thickening alone (Fig. 3) . Consequently, the conclusion drawn by Moyen et al. (2006) for the Inyoni shear zone samples with the lowest apparent thermal gradients that "these high-pressure, lowtemperature conditions represent metamorphic evidence for … subduction-driven tectonic processes during the evolution of the early Earth" may be premature. The lowest of these apparent thermal gradients is close to the highest apparent thermal gradients retrieved from Phanerozoic HPM-UHPM terranes inferred to have been associated with subduction. The Inyoni shear zone may represent a suture recording a former site of subduction, but the apparent thermal gradients derived from the P-T conditions retrieved from the high-pressure rocks do not provide unambiguous evidence of subduction.
Blueschists are not documented in the Archean eon, and there is no metamorphic imprint of subduction of continental crust to mantle conditions and return to crustal depths (although this could be interpreted to mean that the subducted continental crust was not returned). However, the chemistry of Mesoarchean to Neoarchean eclogite xenoliths and the chemistry and paragenesis of Neoarchean diamonds in kimberlites within cratons suggest that some process associated with supercraton formation at convergent margins was operating to take basalt and other supracrustal material into the mantle by the Neoarchean era (e.g., Jacob, 2004; Shirey et al., 2004) . This may have been some form of subduction, but the hotter ocean lithosphere may have been weaker due to lower viscosity leading to more frequent slab breakoff and slab breakup, and preventing exhumation (van Hunen and van den Berg, 2007) . Another way of addressing this issue is to ask "When did the heat fl ow through the ocean basins permit the transition from a 'crème brûlée' lithosphere rheology to a 'jelly sandwich' lithosphere rheology to permit integrity of a subducted slab?" (Figs. 9 and 10) (Burov and Watts, 2006) .
Worldwide, the oldest surviving Paleoarchean crustal remnants generally are composed of juvenile tonalite-trondhjemitegranodiorite rock suites (TTGs) formed prior to a period of polyphase granulite facies metamorphism in the interval 3.65-3.60 Ga (Friend and Nutman, 2005b) . Extreme thermal conditions typical of G-UHTM are not generally registered before the Neoarchean. This appears to be counterintuitive, since we might expect that the higher abundance of heat-producing elements would lead to higher crustal heat production and hotter orogens. However, it is possible that contemporary heat loss through oceans and continents was higher and lithosphere rheology was generally weaker on early Earth. This is permissive for a "crème brûlée" lithosphere rheology structure (Figs. 9 and 10) ; also, it is consistent with (1) modeling by Toussaint et al. (2004) , who suggested dominance of unstable subduction for plate collision regimes with very hot geotherms in which convergence is accommodated by pure shear thickening and development of gravitational (Rayleigh-Taylor) instabilities, (2) modeling by van Hunen et al. (2004) , who ruled out the commonly proposed fl at subduction model for early Earth tectonics, (3) the proposition that early plate-like behavior may have allowed crust to fl oat to form thick stacks above zones of boundary-layer downwelling (Davies, 1992) , or, for a slightly cooler Earth, thick stacks above zones of "sublithospheric" subduction (van Hunen et al., this volume) , and (4) the absence of E-HPGM and HPM-UHPM in the early Earth rock record, inferred herein to be more typical of plate collisions in the Proterozoic and Phanerozoic.
Bailey (1999) A B Figure 9 . Numerical models to test the stability of a mountain range using the "jelly sandwich" lithosphere rheology structure (JS) and "crème brûlée" lithosphere rheology structure (CB) models. The model assumes a free upper surface and a hydrostatic boundary condition at the lower surface. The stability test is based on a mountain range height of 3 km and width of 200 km that is initially in isostatic equilibrium with a zero-elevation 36-km-thick crust. The thermal structure is equivalent to that of a 150-Ma plate. The isostatic balance was disturbed by applying a horizontal compression to the edges of the lithosphere at a rate of 5 mm yr -1 . The displacements of both the surface topography and Moho were then tracked through time. (A) Crustal and mantle structure after 10 m.y. have elapsed. (B) The amplitude of the mantle root instability as a function of time. The fi gure shows the evolution of a marker that was initially positioned at the base of the mechanical lithosphere (the depth where the strength is 10 MPa). This initial position is assumed to be at 0 km on the vertical axis. The solid and dashed lines show the instability for a weak, young (thermotectonic age = 150 Ma) and strong, old (thermotectonic age = 500 Ma) plate, respectively. (Reproduced from Burov and Watts, 2006, with permission.) override oceanic-style lithosphere to facilitate partial melting of the underlying plate and formation of TTGs in a manner similar to the model of Foley et al. (2003) . A modern analogue might be the recent model proposed by Copley and McKenzie (2007) for southward gravity-driven fl ow of southern Tibet over the underlying Indian lithosphere. Although Bailey (1999) proposes that continental overfl ow may lead to TTG formation without subduction, such a process might have created an environment favorable for subduction and might have been the initial step required to initiate subduction and plate tectonics (van Hunen et al., this volume) . Continental overfl ow might lead to shallow subduction, as preferred by Foley et al. (2003) , but this requires that the mantle viscosity was large enough to resist rapid sinking of the oceanic-type lithosphere plate, which may not have been the case for the Archean mantle (van Hunen et al., 2004 ).
An unusual feature of some Archean high-grade gneiss terranes is retrograde replacement of granulite facies orthopyroxene by "blebby" hornblende ± biotite ± quartz aggregates in leucosome pods and sometimes more widely in the host rocks that defi ne a mappable, but retrograde and not prograde, granulite facies-amphibolite facies isograd (e.g., McGregor and Friend, 1997; Friend and Nutman, 2005b) . Widespread retrogression requires the availability of an H 2 O-rich fl uid phase (volatile phase and/or crystallizing melt that may exsolve a volatile phase) during the waning stages of the metamorphic evolution. Together with the proposal that low-temperature water-saturated melting may be common early in Earth history (Watson and Harrison, 2005) , this widely developed retrograde feature of Eoarchean to Mesoarchean orthopyroxene-bearing rocks may suggest a tectonic setting and/or process particular to this eon (although such a unique interpretation of the data in Watson and Harrison has been questioned by Coogan and Hinton, 2006) .
INFERENCES ABOUT PLATE TECTONICS REGIMES FROM THE METAMORPHIC RECORD Thermal Regimes and Tectonic Settings
The maximum pressures and thermal regime of granulite facies ultrahigh-temperature metamorphism (1.0-1.2 GPa, >>750 °C/GPa [>>20 °C/km]) place it across the boundary between the "warmer than normal" and "ultrahigh temperature" fi elds in Figure 5 , which suggests that many of these terranes require an advective component of heating. Given the P-T conditions and the residual compositions of such terranes, anatectic melt fl uxing through these rocks advecting heat must have occurred. The concentration of G-UHTM belts in the interval Neoarchean to Cambrian (Figs. 6 and 7) , and their broad correlation in time with amalgamation of continental crust into supercratons and supercontinents (Fig. 8) , suggests that ultrahigh-temperature metamorphism, which commonly records tight clockwise P-T paths, may record closure and thickening of sedimentary basins and underlying lithosphere in a convergent margin tectonic setting characterized by high heat fl ow and thin lithosphere. On modern Earth, high heat fl ow and thin lithosphere are characteristic of subduction zone backarcs, which are developed around the margins of large ocean basins such as the modern Pacifi c Ocean basin (Currie and Hyndman, 2006; Hyndman et al., 2005a Hyndman et al., , 2005b .
The maximum pressures and thermal regime of mediumtemperature eclogite-high-pressure granulite metamorphism (up to 2.5 GPa, 350-750 °C/GPa [~10-20 °C/km]) place it across the boundary between the "cooler than normal" and "warmer than normal" fi elds in Figure 5 , which suggests that lithosphere thickening may be suffi cient for this type of metamorphism. Figure 10 . Numerical models to test the stability of a continental collision system using the "jelly sandwich" lithosphere rheology and "crème brûlée" lithosphere rheology structures. The model assumes a free upper surface and a hydrostatic boundary condition at the lower surface. The collision test is based on a continent-continent collision initiated by subduction of a dense, downgoing ocean plate using the failure envelopes associated with the "jelly sandwich" lithosphere rheology structure (JS) and "crème brûlée" lithosphere rheology structure (CB) models. A normal ocean crust thickness of 7 km, a total convergence rate of 60 mm yr -1 , and a serpentinized subducted ocean crust were assumed. The elastic thickness, Te, and Moho temperature are ~20 km and 600 °C, respectively, for both models. The fi gure shows a snapshot at 5 m.y. of the tectonic styles that develop after 300 km of shortening. (Reproduced from Burov and Watts, 2006, with permission.) Brown The higher pressures common in E-HPGM terranes suggest that crustal rocks have been taken to mantle depths. On modern Earth, this is accomplished during subduction-to-collision orogenesis, although for E-HPGM terranes the pressures could simply refl ect collision and doubling in thickness by crustal stacking following subduction of ocean plates (cf. Štípská et al., 2004) .
The maximum pressures and thermal regime of high-pressure metamorphism to ultrahigh-pressure metamorphism (up to 5.0 GPa, 150-350 °C/GPa [approximately equivalent to 4-10 °C/ km]) place it across the boundary between the "cooler than normal" and "ultralow temperature" fi elds in Figure 5 and suggest that some tectonic process other than simple thickening of the lithosphere, such as subduction, must control this type of metamorphism. The repeated occurrence of HPM-UHPM (with the inference of subducted continental crust) since the Ediacaran period suggests a common process in convergent tectonic settings, and the P-T conditions coupled with high-precision ages indicate fast rates of subduction to generate the low thermal gradient (150-350 °C/GPa) and rates of exhumation similar to modern plate velocities (1-2 cm yr -1 ). It is pertinent to note that the ocean basins that have been subducted during production of HPM-UHPM belts generally appear to have been smaller and shorter-lived than, for example, the modern Pacifi c Ocean basin, based on recent plate tectonics models for the Phanerozoic that integrate geologic, geodynamic, and geophysical data Borel, 2002, 2004; Collins, 2003; Hafkenscheid et al., 2006) . This issue is discussed further below.
Secular Change and Plate Tectonics
The rock record indicates a dramatic change in the thermal environments of crustal metamorphism through the Neoarchean to the Archean-to-Proterozoic transition, which may register the switch to a "Proterozoic plate tectonics regime" (the protoplate tectonics of Dewey, 2007) . This premise is consistent with aggregation of the crust into progressively larger units to form supercratons (Bleeker, 2003) , perhaps indicating a change in the pattern of mantle convection during the transition to the Proterozoic eon. The emergence of plate tectonics requires forces suffi cient to initiate and drive subduction, and lithosphere with suffi cient strength to subduct coherently. These requirements likely were met as basalt became able to transform to eclogite. Secular change in thermal regimes to allow this transformation appears to have been gradual, occurring regionally fi rst during the Mesoarchean to Neoarchean-leading to the successive formation of the supercratons Vaalbara, Superia, and Sclavia-and worldwide during the Paleoproterozoic-evidenced in orogenic belts that suture Nuna (Columbia)-unless this distribution is an artifact of (lack of) preservation or thorough overprinting of eclogite in the exposed Archean cratons.
The transition to a Proterozoic plate tectonics regime resulted in stabilized lithosphere in which cratons formed the cores of continents that subsequently grew dominantly by marginal accretion. Furthermore, the transition coincides with the fi rst occurrence of ophiolite-like complexes in Proterozoic suture zones (Moores, 2002) and with the increase in δ
18
O of magmas through the Paleoproterozoic, which Valley et al. (2005) argue may refl ect maturation of the crust, the beginning of recycling of supracrustal rocks, and their increasing involvement in magma genesis via subduction. Although the style of Proterozoic subduction remains cryptic, the change in tectonic regime whereby interactions between discrete lithospheric plates generated tectonic settings with contrasting thermal regimes was a landmark event in Earth history.
The transition to the "modern plate tectonics regime" through the Neoproterozoic is one in which ocean crust became thinner while the lithosphere became thicker (e.g., Moores, 2002) , and the pattern of the Brasiliano and Pan-African orogens that sutured the disparate continental fragments of Gondwana was replaced by semicircumferential large-scale plate-margin orogenic systems (e.g., the Terra Australis, the Appalachian/Caledonian-Variscide-Altaid, and the Cimmerian-Himalayan-Alpine orogenic systems). One of the most dramatic features in global mantle shear-wave attenuation models is a very low-Q anomaly at the top of the lower mantle beneath eastern Asia (Lawrence and Wysession, 2006) . Lawrence and Wysession (2006) believe this to be due to water that has been taken into the lower mantle through the long history of subduction during the Phanerozoic in the western Pacifi c. These features may indicate a modifi cation of the pattern of mantle convection driven by deeper subduction that facilitated transport of water deeper into the mantle and enabled subduction and eduction of continental crust. Many authors have noted the confl uence of other changes to the Earth system during the Neoproterozoic transition to the Phanerozoic (e.g., Hoffman, 1991; Maruyama and Liou, 1998, 2005) , which may have been related to the change to deeper subduction.
Thermal Structure of Subduction Zones
Intraslab earthquakes, arc volcanism, the viscosity of the mantle above the slab, and the development of backarcs are intimately linked to transfer of water into the mantle wedge as a result of metamorphic dehydration reactions in the subducting slab. Several studies have argued that the thermal structure of the subduction zone, which is a function of incoming plate age and plate velocity, controls the depth of dehydration events and gaps between dehydration events in both the crust and the mantle of the subducting slab (e.g., Peacock and Wang, 1999; van Keken et al., 2002; Hacker et al., 2003 Hacker et al., , 2005a Omori et al., 2004) . Modeling predicts that the thermal structure of a subduction zone may be several hundred degrees cooler at any particular depth where older ocean lithosphere is subducted (e.g., northeast Japan) compared to subduction of younger ocean lithosphere (e.g., southwest Japan or Cascadia).
If the apparent thermal gradient is very low (lower than ~250 °C/GPa), water may be carried deep into the mantle wedge by lawsonite eclogite and hydrated harzburgite, consistent with cooler subduction zones where arc volcanism is common and intraslab earthquakes reach >200 km depth. In contrast, if the apparent thermal gradient is not so extreme (higher than ~250 °C/ GPa), at least the ocean crust segment of the slab may dehydrate at shallow depths and less water may be transported into the sublithospheric mantle, consistent with observations from warmer subduction zones where arc volcanism is sparse and intraslab earthquakes extend only to 60-70 km depth.
The higher heat fl ow measured in subduction zone backarcs may be due to fast upward convective transfer of heat beneath the thin lithosphere (Hyndman et al., 2005a; Currie and Hyndman, 2006) , and the uniform high heat fl ow across backarcs might be achieved by small-scale vigorous convection with fl ow rates faster than relative plate velocities (Currie et al., 2004) . On modern Earth, shallow vigorous convection is promoted by a decrease in the mantle viscosity inferred to be due to incorporation of water expelled from the subducting slab (Hyndman et al., 2005a; Currie and Hyndman, 2006) . The backarc convection system is poorly understood, but Hyndman et al. (2005a; see also Currie et al., 2004; Currie and Hyndman, 2006) suggest that vigorous convection may mix the water throughout the whole mantle wedge.
Apparent thermal gradients for the Proterozoic-derived from E-HPGM terranes-are warmer than modern subduction zone thermal gradients-based on numerical modeling of intraoceanic subduction (Maresch and Gerya, 2005) , where the apparent thermal gradient along the slab is ~350 °C/GPa-consistent with an expectation of secular cooling. Assuming a warmer mantle wedge and warmer ocean lithosphere in the Proterozoic than in the Phanerozoic, the viscosity of the mantle wedge may have been suffi ciently low to allow induced convective transfer of heat beneath backarcs regardless of the shallower dehydration of the slab and the lower amount of water likely transported to sublithosphere depths by subduction.
THE SUPERCONTINENT CYCLE
The continental lithosphere has been amalgamated into a supercontinent at several intervals during Earth history with dramatic effects on both surface and deep Earth processes. Aggregated continental lithosphere infl uences mantle heat loss by acting as an insulator to the convecting mantle and by imposing its own wavelength on mantle convection by impeding downwelling (Gurnis, 1988; Guillou and Jaupart, 1995; Cooper et al., 2006; Coltice et al., 2007) . Therefore, during periods of aggregated continental lithosphere, we may anticipate longer-wavelength convection and global variations in mantle heat loss and mantle potential temperature (Grigné and Labrosse, 2001; Grigné et al., 2005; Lenardic et al., 2005; Lenardic, 2006; Coltice et al., 2007) .
Correlations
The temporal relationship between metamorphism at extreme P-T conditions, plate tectonics, and the supercontinent cycle is shown in Figure 8 . If we accept the formation of Gondwana by ca. 500 Ma as an intermediate step between Rodinia and Pangea, then there are four principal periods of crustal amalgamation since the Neoarchean, as follows: formation of the supercratons Vaalbara, Superia, and Sclavia from older superterranes and juvenile crustal additions during the Mesoarchean to Neoarchean interval (Vaalbara slightly older and Sclavia slightly younger), and formation of the supercontinents Nuna (Columbia), Rodinia, and Pangea by ca. 1.8 Ga, ca. 1.0 Ga, and ca. 250 Ma, respectively. The supercratons were fragmented during the early Paleoproterozoic. Nuna may have begun breaking up as early as ca. 1.6 Ga, and Rodinia was fragmenting by ca. 850 Ma. The period between the beginning of breakup and amalgamation into a new supercontinent is ~600 m.y. There is a correspondence between the timing of extreme metamorphism in the rock record and suturing of continental lithosphere by subduction-to-collision orogenesis into supercratons and supercontinents (Fig. 8) .
I speculate that it is the stability of the South Pacifi c superswell and its precursors during the late Neoproterozoic to early Phanerozoic that forced the transformation of Rodinia to Pangea by breakout of Laurentia from the Rodinia supercontinent, its separation from Baltica and Siberia by creation of internally generated oceans, and closure of these oceans along the Appalachian/Caledonian-Variscide-Altaid orogenic system. Subsequently, the Mesozoic-Cenozoic Tethysides were built by accretion to the northern European "core" of terranes calved off from the southern (Gondwana) side of Pangea. These terranes were transferred across short-lived internally generated oceans that closed by subduction either at an intraoceanic arc system or at the leading edge of a ribbon-continent terrane as it accreted to the European core. The opening of a new ocean basin along the trailing edge of a terrane as it was transferred from the south to the north side of the former Pangea generated the next short-lived ocean to be closed by subduction.
Wilson-Type Cycles and Hoffman-Type Breakups
There are suggested to be two end-member models for the formation of supercontinents (Murphy and Nance, 2003) , based on different concepts introduced by Wilson (1966, closing and reopening an ocean) and Hoffman (1991, turning a supercontinent inside out), respectively. In one model, continental lithosphere simply fragments and reassembles along the same (internal) contacts or introverts (the "Wilson cycle" sensu stricto; Wilson, 1966) -which I regard as a process of rearrangement of the continental lithosphere within a continent-dominated hemisphere rather than a mechanism for supercontinent fragmentation, dispersal, and reassembly-whereas in the alternative model a supercontinent fragments, disperses, and reassembles (or extroverts) by closure of the complementary superocean (Hoffman, 1991) .
Wilson-type cycles operated during the Phanerozoic, when the continental lithosphere was restricted to one hemisphere. In contrast, a Hoffman-type breakup was the process by which the Gondwanan elements of Rodinia were dispersed and reassembled into Gondwana (the type example) and most likely was the process by which Nuna (Columbia) was reconfi gured into Rodinia, although in this case the continental fragments were fewer and larger (Condie, 2002 During introversion, "expansion" of the continent-dominated hemisphere-the hemisphere that includes the supercontinentmay be limited by the persistence of an opposed ocean-dominated hemisphere, as has been the case for the Pacifi c Ocean through the Phanerozoic. In this case, modifi cation of the way the continental lithosphere is aggregated requires splitting the continental lithosphere to generate an internal ocean that separates a terrane from the parent continent, followed by transport across a closing ocean and suturing at a new location (commonly referred to as "terrane export"). Initiation of subduction within the internal ocean generated by the initial splitting leads to calving of a second terrane by renewed splitting inboard from the margin of the parent continent, which, in turn, is exported and sutured to the new location as this second internal ocean also closes, and so on. It is the successive closure of these newly generated but relatively short-lived oceans by subduction and terrane export from one side of a supercontinent to another that leads to a new arrangement of the continental lithosphere within the continental hemisphere.
The metamorphic style associated with Wilson-type cycles during the Phanerozoic is blueschist-HPM-UHPM (Liou et al., 2004) , which may be linked with or transitional to E-HPGM. In contrast, in the complementary oceanic hemisphere, ongoing circumferential subduction creates accretionary orogenic systems that may develop paired metamorphic belts sensu Miyashiro (1961) with an outboard HP-LT terrane and an inboard HT-LP belt.
The limited extent of ocean lithosphere subduction and choking of subduction by continental lithosphere during Phanerozoic subduction-to-collision orogenesis may inhibit transport of water into the mantle wedge, and as a result the development of small-scale convection and thinner backarc lithosphere is retarded, and arc volcanism is sparse. Ernst (2005) previously noted that calc-alkaline volcanic-plutonic rocks are rare in what he called "Alpine-type" orogenic belts, a feature that he related to the diffi culty of dehydrating subducted continental lithosphere during closure of short-lived oceans that typify many intracratonic suture zones.
Numerical modeling of the minimum subduction necessary to generate thermal conditions suitable for blueschist metamorphism is consistent with limited subduction of shortlived ocean basins (Maresch and Gerya, 2005) . Because of the geometric interplay between the nose of the subducting ocean lithosphere and the evolving array of isotherms, subduction of younger and hotter ocean lithosphere may lead to earlier formation of blueschists than subduction of older and cooler ocean lithosphere. Maresch and Gerya (2005) identify an optimum age of 40-60 m.y. for subducted ocean lithosphere to generate blueschist conditions. The thermal structure also explains the rarity of arc volcanics in these orogens, because the necessary fl ux of water into the mantle wedge to drive melting will be weak or even absent.
Phanerozoic Examples of Wilson-Type Cycles and Intrasupercontinent Orogenesis
Consider the Paleozoic Appalachian/Caledonian-VariscideAltaid orogenic system, which records Wilson-type cycles of orogenesis. The transformation of Rodinia to Pangea involved the breakout of Laurentia from the Rodinia supercontinent by the end of the Neoproterozoic, which was achieved by rifting the eastern Gondwanan continental lithosphere fragments from western Laurentia, followed by rifting the western Gondwanan continental lithosphere fragments from eastern Laurentia (Hoffman, 1991) . Baltica was left behind and separated from Laurentia by creation of the Iapetus Ocean; Laurentia and Baltica were separated from Gondwana by creation of the Rheic Ocean.
The Iapetus Ocean was closed along the Appalachian/Caledonian orogenic system, and the intervening internally generated lithosphere was consumed during reassembly of Laurentia, Avalonia, and Baltica in the Early Devonian, forming Laurussia (Murphy and Nance, 2005; see also Collins, 2003) . UHPM rocks have not yet been identifi ed in the southern Appalachians-although HPM rocks are present (Dilts et al., 2006) and are a characteristic feature of the fi nal (Alleghanian) phase of orogenesis-but UHPM rocks are a common feature of the Norwegian Caledonides (e.g., Carswell and Compagnoni, 2003; Liou et al., 2004) .
The Rheic Ocean was closed along the Variscide-Altaid orogenic system. In the Variscide sector, the intervening internally generated lithosphere was consumed by subduction during clockwise rotation of Gondwana and collision with Laurasia (Laurussia and Siberia sutured along the Uralides) during fi nal assembly of Pangea in the Carboniferous. UHPM rocks are a common feature of the European Variscides (e.g., Carswell and Compagnoni, 2003; Liou et al., 2004) .
The Altaid Central Asian orogenic belt is something of an enigma in this context, for it includes some of the oldest-formed and most extreme UHPM rocks known (at Kotchatev; Kaneko et al., 2000) but also ridge-trench interactions, expressed as HT-LP metamorphism, and arc collisions (Windley et al., 2007 ; see also Collins, 2003, and Filippova et al., 2001 ). Furthermore, isotopic tracer studies over the past decade have shown that central Asia has been the dominant place on Earth for production of juvenile crust in the Phanerozoic eon (Jahn et al., 2000a (Jahn et al., , 2000b (Jahn et al., , 2000c (Jahn et al., , 2004 . In the Central Asian orogenic belt many granites sensu lato include a component derived from older continental crust, evident in the isotope chemistry, perhaps indicating melting of young ocean lithosphere and contamination of the magma during soft collision between cratonic continental lithosphere to the north and accreting terranes derived from the south. The greater variety in the Altaid sector most likely refl ects the widening of the Rheic Ocean to the east.
Within the Mesozoic-Cenozoic Tethysides, the central orogenic belt of China (the Tianshan-Qinling-Dabie-Sulu orogenic system; e.g., Yang et al., 2005) and the Alpides (the AlpineZagros-Himalayan orogenic system; e.g., Şengör, 1987; Hafkenscheid et al., 2006) are products of multiple accretion events or collisions. In each case, the orogenic event involved the destruction of a relatively short-lived ocean, and the sutures commonly are decorated with occurrences of HPM and/or UHPM rocks.
Intrasupercontinent orogenesis is widely recognized during the Phanerozoic because we have available large data sets that have not been overprinted by subsequent supercontinent cycles, as well as age maps of the ocean fl oors since the Mesozoic. It is not yet clear whether this style of orogenesis was less common in earlier supercontinent cycles or simply has not yet been recognized to be as common.
Supercontinent Fragmentation, Dispersal, and Reassembly by Hoffman-Type Breakups (Extroversion)
In extroversion, continental lithosphere tends to amalgamate over cold downwellings to form a supercontinent, which inhibits subduction and mantle cooling (Gurnis, 1988; Collins, 2003) . Stagnant slabs may avalanche into the lower mantle, forming a slab "graveyard." The mantle beneath the supercontinent may eventually overheat and become the site of a new upwelling that fragments the overlying continental lithosphere under tension to dissipate the thermal anomaly. The next supercontinent amalgamates above areas of mantle downwelling by subduction-to-collision orogenesis in a cycle with a period of ~500 m.y. This is the basic principle that leads to breakup of one supercontinent and formation of another. As a result of Hoffman-type breakup, the internal rifted margins of the old supercontinent become the external margins of the new supercontinent, and the external accretionary margins of the old supercontinent become deformed and smeared out along the internal sutures of the new supercontinent.
The Transformation of Rodinia to Gondwana by HoffmanType Breakup
Consider the transformation of Rodinia to Gondwana, which is the original example of a Hoffman-type breakup (Hoffman, 1991) . This transformation involved the fragmentation, dispersal, and reassembly of the continental lithosphere by subduction-to-collision orogenesis to form the network of Brasiliano and Pan-African belts (e.g., Cordani et al., 2003; Collins and Pisarevsky, 2005) , leaving the orphaned Laurasian continental fragments to combine with each other and then Gondwana to form Pangea at a later time.
The internal geometry of Rodinia changed considerably during its few hundred million years of existence. Geologic and paleomagnetic data suggest that the supercontinent consolidated at 1100-1000 Ma and most likely disintegration began between 850 and 800 Ma (e.g., Torsvik, 2003; Cordani et al., 2003) . Reassembly to form Gondwana occurred by destruction of parts of the complementary superocean as Rodinia progressively disintegrated, although the exact confi guration and global location of the different continental lithosphere fragments in Rodinia at the time of breakup is uncertain (e.g., Murphy et al., 2004) .
Although G-UHTM and E-HPGM are associated with the Brasiliano and Pan-African orogenic belts, the Trans-Saharan segment of the Pan-African orogenic system also records the fi rst coesite-bearing eclogites, and sutures within the Anti-Atlas belt and the South China Block record the fi rst blueschists. These features point to a transition due to secular cooling and the changeover to the "modern plate tectonics regime" characterized by colder subduction.
Distinguishing Wilson-Type Cycles from Hoffman-Type Breakups
Murphy and Nance (2003, 2005) have suggested that Sm-Nd isotope data may be used to distinguish internally generated ocean lithosphere formed during Wilson-type cycles (characterized by younger mantle extraction ages than the age of an intrasupercontinent rifting event) from older external ocean lithosphere associated with Hoffman-type breakups (characterized by older mantle extraction ages than the age of a supercontinent fragmentation event). For Gondwana, mafi c complexes accreted during amalgamation yield mantle extraction ages older than the breakup of Rodinia and so represent fragments of an exterior superocean. In contrast, mafi c complexes in the Appalachian/CaledonianVariscan belt yield mantle extraction ages consistent with subduction of an interior ocean in which the lithosphere was formed after the intrasupercontinent rifting event.
Pre-Neoproterozoic Supercontinents
The balance between consumption of an external ocean after supercontinent fragmentation and consumption of an internally generated ocean formed during a period of intrasupercontinent rearrangement remains to be determined for Proterozoic supercontinent cycles. The transformation of Nuna (Columbia) into Rodinia is thought to have occurred by splitting the supercontinent into a small number of large fragments that were rearranged by consumption of an external ocean and amalgamated by suturing along Grenville-age orogens (Condie, 2002) . This model is supported by limited Sm-Nd isotope data that suggest the Grenville belt records closure of a exterior ocean (Murphy and Nance, 2005) .
Farther back in Earth history the situation is more speculative. The formation of Nuna (Columbia) occurred in the interval 2.1-1.8 Ga (Zhao et al., 2002 (Zhao et al., , 2004 (Zhao et al., , 2006b ). Murphy and Nance (2005) discuss a limited Sm-Nd isotope data set that suggests closure of an internal ocean for part of the Trans-Hudson orogen. Accepting the correlations among cratons proposed by Bleeker Brown (2003, his Fig. 6) , it is possible that the Laurentian cratonsSlave, Superior, Sask, Hearne, Rae, and Wyoming-were part of at least two different supercratons at the end of the Neoarchean. If this is correct, it is probable that at least some of the Paleoproterozoic orogens that suture Nuna, and maybe the majority, formed by consumption of an exterior ocean. However, this hypothesis remains to be tested.
WIDER CORRELATIONS
Assuming a hotter early Earth, Davies (2006 Davies ( , 2007 and van Hunen and van den Berg (2007) have used numerical models of convection to address the viability of plate tectonics. Modeling by Davies (2006 Davies ( , 2007 takes into account early depletion of the upper mantle, which leads him to suggest that the ocean crust might have been of similar thickness to modern Earth but that the thermal boundary layer might have been thinner overall. On Earth, this might have limited the ability of the ocean lithosphere to subduct and might have impacted the viability of early plate tectonics. However, the numerical modeling suggests that the spatial and temporal variability in crustal thicknesses that applied to Earth might have allowed some plates to subduct while other plates might have been blocked to form protocontinental crust.
In an alternative scenario without early depletion of the upper mantle, modeling by van Hunen and van den Berg (2007) suggests that the lower viscosity and higher degree of melting for a hotter fertile mantle might have led to both a thicker crust and a thicker depleted harzburgite layer forming the ocean lithosphere. Compositional buoyancy resulting from the thicker crust and harzburgite layers might be a serious limitation for subduction initiation, and a different mode of downwelling (Davies, 1992) or "sublithospheric" subduction (van Hunen et al., this volume) might have characterized early Earth. An additional problem for deep subduction is posed by the lower viscosity, which van Hunen and van den Berg (2007) suggest might lead to more frequent slab breakoff and possible breakup of the crust and harzburgite layers of the subducting ocean lithosphere. In this case the lower viscosity of the slab components might have been the principal limitation inhibiting plate tectonics on early Earth.
The absence of HPM-UHPM terranes before the Ediacaran may relate to weakness of the subducting lithosphere, which might have been strong enough to allow shallow subduction, but the rheology may have been too weak to allow deep subduction of coherent slabs and/or provide a mechanism for eduction of continental crust if, indeed, it was ever subductable before the Ediacaran. This does not confl ict with Late Archean and Proterozoic subduction of ocean lithosphere, since early slab breakoff and slab breakup still might have transported materials with a surface chemical signature deep into the mantle as recorded in some diamonds (e.g., Farquhar et al., 2002) .
Tonalite-trondhjemite-granodiorite suites (TTGs) dominate the Archean rock record, but their origin has been controversial. In a series of papers that integrate results from experimental petrology and major and trace element geochemistry, Foley (this volume; Foley et al., 2002 Foley et al., , 2003 has argued that most TTGs formed by melting of garnet amphibolite of broadly basaltic composition hydrated by interaction with seawater. Further, he argues that melting of eclogite increased in importance through the Mesoarchean to Neoarchean (cf. van Hunen et al., this volume) , as shown by an increase in Nb/Ta in TTGs. Melting of garnet amphibolite may be achieved in the lower part of thickened basaltic crust or by subduction on a warmer Earth. Conceptually, the fi rst alternative is consistent with early plate-like behavior that allowed crust to fl oat to form thick stacks above zones of boundary-layer downwelling (Davies, 1992) , or, for a slightly cooler Earth, thick stacks above zones of "sublithospheric" subduction (van Hunen et al., this volume) , and this indeed may have been the convective mode of the Eoarchean to Paleoarchean. By the Mesoarchean to Neoarchean, and possibly as early as the Paleoarchean, subduction was operating in some regions of Earth (e.g., Pease et al., this volume) ; this subduction was likely characterized by warmer geotherms that enabled melting of subducting garnet amphibolite and, with secular cooling, a change to melting of subducting eclogite.
Calculations by Hynes (this volume) for thinner Archean ocean lithosphere suggest that plate motions in the Archean might have been faster than on modern Earth. Faster plate velocities may explain the scarcity of accretionary prisms in the Archean rock record since high convergence rates will favor subduction erosion over subduction accretion. Another consequence of a hotter Earth is the reduced subsidence of lithosphere in extension, which will limit the accommodation space for passive-margin sediments and contribute to the scarcity of passive-margin sequences in the Archean rock record (Hynes, this volume) . The formation of diamonds in the Mesoarchean to Neoarchean requires geotherms similar to those of modern Earth, which in turn probably refl ects the presence of cool mantle roots beneath the continents. Stretching of continents underlain by cool mantle roots would yield passive margins similar to those on modern Earth. Thus, the development of recognizable passive margins might only have occurred after the emergence of cratons in the Mesoarchean to Neoarchean. Bradley's (2007) analysis of the geological record indicates that passive margins have existed on Earth since at least 2.69 Ga, consistent with the prediction by Hynes (this volume). The abundance of passive margins has varied with the supercontinent cycle. Passive margins were abundant in the interval 2.25-1.75 Ga, terminating with subduction-to-collision orogenesis and the assembly of Nuna (Columbia). Passive margins are rare in the interval 1.65-1.00 Ga, which is consistent with the suggestion that the transition from Nuna to Rodinia did not involve complete breakup and re-formation of the supercontinent (Condie, 2002) . A maximum in passive-margin activity during the Ediacaran-Cambrian corresponds to dispersal of Laurentia, Baltica, and Siberia following staged breakup of Rodinia during the Neoproterozoic and formation of Gondwana during the EdiacaranCambrian. A minimum in the interval 350-250 Ma corresponds to the existence of Pangea, whereas the present-day maximum in number and aggregate length of passive margins corresponds to a time of continental dispersal following fragmentation of Pangea. Furthermore, Bradley's (2007) analysis demonstrates that passive margins in the Mesoproterozoic-Neoproterozoic were longlived compared with those in the Phanerozoic, which may refl ect the preponderance of Hoffman-type breakups of supercontinents in the Proterozoic compared with the dominance of shorter-lived Wilson-type cycles during the Phanerozoic.
The earliest supercraton (Vaalbara) and the Nuna supercontinent correlate broadly with peaks in the age distribution of major additions of juvenile material to the continental crust at ca. 3.3 Ga and ca. 1.9 Ga, based on Hf model ages of magmatic zircons with a variety of U-Pb crystallization ages (Hawkesworth and Kemp, 2006) . A closer correlation has been argued between the younger supercratons (Superia and Sclavia) and the supercontinents Nuna and Rodinia and peaks in the distribution of U-Pb crystallization ages of zircons from isotopically juvenile igneous rocks at ca. 2.7 Ga, ca. 1.9 Ga, and ca. 1.2 Ga (McCulloch and Bennett, 1994; Condie, 1998) . However one interprets these data, the observations suggest a relationship between aggregation of the continental lithosphere into supercontinents and large melting events in the mantle and/or melting of recently underplated juvenile material of the lower crust, at least during the Neoarchean to Mesoproterozoic interval.
CONCLUSIONS
The hallmark of plate tectonics is the development of two contrasting thermal regimes where plates converge; on modern Earth these are (1) the subduction zone and (2) the arc and subduction zone backarc or orogenic hinterland. The fi rst imprint of this hallmark in the rock record is the appearance of contemporaneous contrasting types of metamorphism, i.e., E-HPGM and G-UHTM, in Neoarchean belts. For the period as far back as the Neoarchean, I posit a common genesis for E-HPGM and G-UHTM in former subduction zones choked by collision, and in arcs and subduction zone backarcs or orogenic hinterlands thickened by collision. Further, I propose that we extend the use of the term "paired metamorphic belts" to include metamorphic belts with penecontemporaneous higher-pressure-lower-temperature and higher-temperature-lower-pressure metamorphism produced during subduction-to-collision orogenesis as well as HP-LT and HT-LP metamorphic belts formed in circum-ocean accretionary orogenic systems.
Plate tectonics has operated on Earth since the Neoarchean. However, the "Proterozoic plate tectonics regime" may have begun locally during the Mesoarchean to Neoarchean and may only have become global during the Neoarchean-to-Paleoproterozoic transition. A pre-Neoarchean tectonic regime may have involved plates, but if so these were probably thin with an ultramafi c crust; if contrasting thermal regimes were generated, they do not appear to be preserved in the record of metamorphism. This view of when Earth adopted a plate tectonics mode of convection may be changed with new fi ndings and acquisition of new data, and there are inevitably local details of relative age and spatial location that are obscured by generalizing at a global scale. The "modern plate tectonics regime" is one in which it became possible for ocean lithosphere to be deeply subducted and transfer water into the top of the lower mantle, and for continental lithosphere to be subducted and educted as HPM-UHPM terranes that mark sutures in Phanerozoic subduction-to-collision orogenic belts.
There is a close relationship between the age of metamorphic belts characterized by extreme metamorphism and the supercontinent cycle, which refl ects the fact that two contrasting thermal regimes are generated where plates converge and are registered in the rock record by subduction-to-collision orogenesis during amalgamation of the continental lithosphere into supercontinents. The fragmentation of a supercontinent occurs by Hoffman-type breakups. Wilson-type cycles are the mechanism whereby the aggregated continental lithosphere within a continent-dominated hemisphere may be rearranged.
